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Outline

- LHC and CMS detector

- Alignment and Physics

- Alighment Strategy
 Validation of an Alignment
- Readiness

e Conclusion
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CMS Detector

38 Countries, 183 Institutes, 3000 scientists and engineers (including 400 students)

TRIGGER, DATA ACQUISITION oy

& OFFLINE COMPUTING ustria, Be gum, , Finlang, rrance, Germany,

Austria. Brazil. CERN. Finland. France. Greece Italy, Japan*, Mexico, New Zealand, Switzerland, UK, USA
Hungary, Ireland, Italy, Korea, Lithuania, New Zealand,

Poland, Portugal, Switzerland, UK, USA T / g —— _ CRYSTAL ECAL

Belarus, CERN, China, Croatia, Cyprus, France, Italy,
Japan*, Portugal, Russia, Serbia, Switzerland, UK, USA

PRESHOWER

Armenia, CERN, Greece,
India, Russia, Taiwan

RETURN YOKE

Barrel: Estonia, Germany, Greece, Russia
Endcap: Japan*, USA

SUPERCONDUCTING
MAGNET

All countries in GMS contribute
to Magnet finanding in particular:

Finland, France, Italy, Japan*, ' FORWARD

Korea, Switzerland, USA - CALORIMETER
Hungary, Iran, Russia, Turkey, USA

HCAL

. Barrel: Bulgaria, India, Spain*, USA MUON CHAMBERS

Total weight :12500 T Endcap: Belarus, Bulgaria, Georgia, Russia, Barrel: Austria, Bulgaria, CERN, China,
Overall diameter :15.0m Ukraine, Uzbekistan Germany, Hungary, Italy, Spain
Overall length :21.5m HO: India Endcap: Belarus, Bulgaria, China, Colombia,
Magnetic field : 4 Tesla Korea, Pakistan, Russia, USA




CMS Tracker

Specifications: s L ) = SfHicon STp detester
p i '. = szzn:;::am-moc i I [—— f— :

» High resolution on isolated St iy ?

high momentum tracks o -

e Transverse impact parameter ‘l I | “

[ ——— Pixel detector

resolution better than

35um for pT>10 GeV

* 50% b-tagging efficiency
with a mistag rate of the order
to percent

Sub-system:

» Vertex detector (Silicon pixel)
o 2 Layers subdetectors (SiStrip)
» Disks for EndCap (SiStrip)

= 207m? of silicon sensors
= 10.6 million silicon strips
=> 65.9 million pixels ~ 1.1m?
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CMS Tracker Status

Cables and services

00 01 02 03 04 05 06 07 08 /08 10 11 12 13 14 15 g
' Tracker channel status at

" the end of August

B S Strip Tracker
=i TOB() : 98%
gl 11N TIB/TID() : 96.6%
I TEC+ : 99.2%
118 ey TEC-3) : 97.8 %
Pixels
Barrel pixels : 99.1%

Forward plxels(4)

e T = i o

mﬂ-Plers 3"Layers and 2 Disks ~‘ L R

Pixels: 1440 Modules (1) 0.6% recovered since August
(2) 1% at least recoverable

100 pm x 150""1_1 (3) 1.7% recovered since Augusts

r¢p and z resolution: ~15 pm (4) 5% recovered during shutdown
(power cables repair), 0.5% still

Strips: 15148 Modules recP¥egble

Pitch: 80 pm to 180um
Hit Resolution: 20 pm to 50pm 6/25



Why do we ha

ve to a

lign

?

5 700_ T g 900: T | T I T T T :
w C Perfect alignment . = 800: ¢
. . - _‘_Hu 600 _____ (Drell-Yan only) - "—L‘; : -
Alignment impact on dimuon E Misaligned tracker E 700 :
- - = c 500 4 e - :
invariant mass resolution: = - > 600 :
=k B & Mlsallgnecén;::aor?1 g r .
=» critical for high pT muons R Bl ] B soof :
Both misaligned < C ]
300\ ] 400F &
2 i : ]
C 300F -

20053 C
gﬁ?%ﬁ 200F | =
oL~ P I L PSR Wl IO M T 0: L ‘-1 :ﬁ'fpf,_l gl s i ¥y ; =atns

4 4 400 600 800 1000 1200 1000 1500 2000 2500 3000

B-tagglng relles Completely on Dimuon mass (GeV/&) Dimuon mass (GeV/c)

CMS Preliminary

tracking performance:

all b-tag algorithms are sensitiveto 5 SERRREERE it nauEUALE

alignment 5 10° e

-both positions and errors are 3 (1] o relection of udsg jets

H c v ' P -850
Importage el 210" S 1 15@98'0_138 /oé 100
= Fllght distance 5|gnlflcance and A STARTUP — 100/pb _ideal
hence b-tag efficiency 10° 13 s

= improves with accumulation of ) Mt

||||||||||||||||||

statistics for alignment 104

b-jet efficiency 7/25



Alighment

Define a Global Track x2 function:

N tracks NMhis
refitted e X*= Z Z "u p.,q;)V rij(pi q;)
track e i=1 i= |
ij
4 T -, rij(pyqj)_ i~ lj(p q])
Lo TS< 7
design / ‘> ' where: . - :
geometry._ realgeomelly o Vi = covariance matrix from fit
e — - - > o p = alignment parameters
ey X (module position/orientation)
S impact point o q; = track parameters
f(p:q) o I'i(p,q;) = residual: difference between
«residual r,(p,q) measured position m;and position extrapolated

from fit fi(p,q;) (depending on p and q;)
o Aligment algorithms attempt to minimize this
X2 function and therefore the track residuals

8/25



CMS Alignment Strategy

Tracker alignment is one of the crucial factors in reaching the design
resolution of the CMS detector

The challenge is to determine at O(10um) the corrections for the 6 d.o.f

(3 rotations + 3 translations) for each of the > 16k modules of CMS tracker
e Complex system of equations: 16.5k modules x 6 d.o.f. = 100k unknowns
e Fast and robust algorithms are deployed in the CMS framework.

Wy o X Tracker Inner Barrel (TIB)
5 :_: Tracker Inner Disk (TID)
—4=——F > Pixel Barrel (PXB) |
—_— Pixel Forward (PXF)
‘\

Tracker Endcap (TEC)
Tracker Outer Barrel (TOB)



Different Source of Allgnment

no.1 1.0 1.3 15

Input to CMS Tracker alignment algorithms: ...

— Laser Alignment System oo L R "
— optical survey wo R R
— tracks from cosmic muon runs > ultimate  v=——— (@ (0 L (0 e
precision oG e

Laser Alignment System (LAS):

Connect large structures (8 sectors in ¢): TIB - TOB - TEC

e Cosmic runs for commissioning: standalone ~100um, relative ~20um
e Tracker geometry: note 2D (100 mrad strip angle) and 1D modules

survey vs. design geometr
Barrels: , y Vs. gn g y

PXB - modules (2D only)
TIB - modules and up
TOB - barrel

rAd(cm)
gﬁgeEEE"

Use previous measurement Endcaps: -
to control and constraint OXE of
5 - modules and up 13 R

the cosmic one TID - modules and up 5% g £
TEC - disks and endcap | ‘?‘:

-300-200-100 © 100 200 300 ~300-200-100 O 100 200 300 “.300.200-100 0.
z(cm) z(cm) z (cl 1150725



Track Based Alignment

Alighment Algorithms
Local Iterative Method: Global Method: “"Millepede I1"”
“Hit and Impact Points” NIM A 566, 5 2006
CMSNote 2006/018 Linearize track model fi(p,q;) as a
R Tracks + Surveys  g,hction of the corrections to
X211 (Pa)ViTrilpa) - to fix all the alignment parameters a
+ 2 r(Pa)Veir(pa) Blighahile ofy  ofys Y
degrees of vacks s | Vi = F1(Po, Qo)+ 5 g a+ 5284,
freedom X*(p,q)=2, 2 — '
m=’Z Ji V‘I'Jil IZ Ji V‘l’ril; Ji=0ri10pm Minimization leads to the matrix

equation which has to C a=b be

] y solved to extract a
Pros: use same tracking algorithm

than CMS, simple implementation, Pros: include module correlations,
all d.o.f. less CPU with one or few iterations

Cons: simple helix trajectory model,
large matrix may limit total N of
alignables

Cons: ignore correlations in one
iteration iterations, large CPU with

many 11/25



CRAFT: Cosmic Run At Four Tesla

Numerous global runs with CMS detector have been performed.

2 main period of 3 weeks of continuous data taking

- CMS has recorded 300 Millions cosmics events with magnetic field ON
each time. Cosmic Run

Run 66748, Event 8894786, LS 160, Orbit 167263116, BX 1915

Beam from LHC
(tracker OFF)
HCAL energy

<. | particle
- debris

Longitudinal views 12/25
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First data for alignment

Best data for alignment of CMS Tracker: fall 2008 ("CRAFT08")
[CRAFTO09 studies are on going]

~ 4M cosmic tracks for Tracker alignment (with B-field = 3.8T )
account for multiple scattering, p > 4 GeV/c

e Require good quality tracks and hits:

clean hits, outlier hit rejection, x2 cut, min hits, 2D hits

accept all good tracks (statistics limited): only 3%+1.5% in Pixels

tr

A x10°
; g i i Tracker Tracks ( o4 /m":-m
\ . ]'L e 5201 [ r.m.S~087 99

; -
~’7z 1oc_




Multiple steps alignment

Multi-step approach by both algorithms to address CMS geometry:
— large structure movement: coherent v alignment of 1D modules

— alignment of two sides of 2D strip modules (units=stereo): u w,y

Y & ;
¢ Global method: pn = vlw 4 .
- 3 steps from “design” ’ s— = — =5
(1) large structures (6 dof) & units (3 dof) ié%‘%%%?
(2) module alignment: add a,B for TIB; e 4

6 dof for PXB
(3) repeat (1); note above: keep <46,300 parameters, use pre-sigma

e Local method:

- 5 steps from survey; ~50 iterations each

(1) large structures (u, v, w, y)

(2),(3) Strip: modules (6 dof) with survey; units (3 dof)
(4),(5) Pixels: ladders (6 dof); modules (6 dof)
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Merging Algorithms

e Combined method

(1) run global method

- solve global correlations efficiently

(2) run local method

- solve locally to match track model in all dof

x10°
[Vp) T T T
~ L ]
& 0.4 -
— - .
— - .
H - E‘ DATA combined meth.: ¢¢?/ndof>= 1.21 ; r.m.s.=0.71
I i —
0.3~ 1 7
B - DATA local meth.: 2/ndof>= 1.31 ; r.m.s.=0.81 7]
- L] —
I'; % ------------- DATA not aligned : ¢¢?/ndof>= 4.98 ; r.m.s.=2.47
- | -
0.2~ | :i ]
L I .
N _
I I H —
0.1 | -
L F : |
- ; ]
- n : ]
_.;In-oﬂ""‘r | 1 = - il L - . .
0 2 4 6 8 10
y?/ndof

All three results are compatible, but combined is the best also compare

to "not aligned”
15/25



Low Level Validation:
unbiased residuals

pix strips with radial topology

(endcap) (endcap)

R

Computed at the same time as X2 /ndof
unbiased as the hit on the module under
investigation is removed from the re-fit of
the track shown as function of the local
coordinates x' and y’

i !
X'
strips with rectangular topology
(barrel)

x1 0-{ 1 0"l

w 600 ! I w T T
."I;' w— DATA combined meth % 40 | == DATA combined meth ]
mean= 0 um; r,m.s.-82um - mean« 0 um; rm.s.<280um

St - s DATA not aligned TI Bx' N 3 T DATA not aligned TI Dx'

500 __ mean« -20 um; rm.s.«1008 um _ 351 mean= 3 um; r.m.s.=938u

400— ]

300

200 E

100— \ —]

: — | — Y
-500 -250 0 250 500 -500 -250 0 250 500
X pre(l'x hit [Ll m] X pred X hit [Ll m]



# Hits

Pixel Residuals

x10° | . * x10° I

C ] P o ]
16 [~ = DATA combined meth — T 10~ — pATA combined meth. N
C mean= 0 pm; r.m.s.=67 um 7] :H: : mean= 0 um; rm.s.=100 um |
14r-----fL’; obal met ﬂ PXB = K R PXB ]
- ean=( S . - 8+ ean= 0 S ~
12 =*='= DATA local meth. I C)_' - - DATA local meth. ~
- mean= 0 um; r.m.s.=67 um T — mean= -9 um; rm.s.=128um 1
[ v DATA not aligned 1 I~ DATA not aligned N
10: mean= -38 ym; r.m.s.=730um rl I lS 67‘1,' I I: 6? mean= 52 pm; r.m.s.=894 um ].OO[I/' I I __
8l = - ]
o s 3 i ]
- i ] - .
i E oL -
r:- o | T ] = onmmmn o pen M M'Whhu\h&;

500 -250 0 250 500 -500 - ,250 ,

’ ’ -

X pred™X hit [LM] y pred Y hit [um]

Residuals &> multiple scattering + hit errors + alignment errors
(random) (random) (systematic)

r¢ pixel hit errors ~ 19um here

17/25



Median of Residuals

Alignment performance : Pt > 4 GeV/c, 1 entry per module with Nhits>30

g L DATA combined meth 2 400F — DATA combined meth.
= - _g L mean= -0.Tum; rrm.s.=3.Tum % L mean= -0.2 um; r.m.s.=4.3um
M easu re fo r rema I n I ng 2 400" DATA not aligned S | - DATA not aligned
= mean= -78.1um; r.m.s.=328.7 um = mean= 18.9 um; r.m.s.=274.17um

misalignment: : 1
e Module-wise information, i
distribution of median of the
residuals DMR regarded. ' *

e Medians of several modules ™
plotted. e | SRSSOU) N
e Spread gives lower limit for
misalignment (for sufficient ¢ —... . P
statistics). § oty oo § [ omhmdoer
e Used to estimate misalignment .. 6o
corrections to intrinsic hit errors. | l

40 40~
Cosmic data causes asymmetric | |
module illumination different - L _‘ !

alignment quality.
Performance close to Simulation



High Level Validation:
Cosmic Track Splitting

Consider the point of closest approach (PCA) Original track
to the nominal beamline

Re-fit separately top and bottom legs and Top halt track
compare the 5 track parameters at the PCA
Track selection: pT>4 GeV/c, x2/dof<100
Nhit=10, N2Dhit=2, NPXLhit=2

PCA in the volume of the pixel

Each split track: Nhit=6

~50k evts selected

In the following:

: X,p— X
absolute residuals: iop — botiom

V2
normalized residuals: X top — X bottom :
x = dxy, dz, ¢, 6, 1/pT \/02 o’ Bottom half track

top bottom
19/25



0.06

0.05

0.04

0.03

0.02

Pairs of Split Tracks

0.01

Cosmic track splitting

absolute residuals

Entries 50244 = Entries 50244
E  — CRAFT Latest Mean  0.01142 0.08 © —— CRAFT Latest oo oo
- RMS 0.1931 - Sigma  0.9883 + 0.0050
:_ ------ Ideal MC Entries 80086 " 0.05 :— ------- Ideal MC i Entries 80086
i won ooveze  § o
:_ RMS 0.1935 E 0.04 :_ Sigma  0.9457 + 0.0037
- 2 -
C :’3 0.03—
- o C
__ » C
C = 002
- o C
- 0.01—
6 -;).4' 02 0 N I Y u— 05:’ S 3 B r
AP, (GeV) ApJolp,)
absolute DATA combined meth. | MC ideal
residuals o 1R ) T35S,
Apr (MeV/c) 193 193
Ad,, (pm) 44 37
Ad. (pm) 59 47
A¢ (prad) 425 406
A0 (prad) 639 511
pT mainly sensitive to the alignment in the strips: close to the ideal
performance for cosmics-like track topology.
dxy and dz mainly sensitive to the alignment in the pixels

20/25



Pairs of Split Tracks

0.05

0.04

0.03

0.02

0.01

, ©

Cosmic track splitting
normalized residuals

Apr/o(pr)
Ad,,/o(d,,)
Ad./o(d.)
Aofo(o

(

Ab/a(6

)
)

0.99
1.15
0.94
1.14
0.97

0.95
1.07
0.91
1.05
0.96

- Entries 50244 Entries 50244
L Constant 0.0389+ 0.0003 C Constant 0.0516+ 0.0003
. —— CRAFT Latest Mean  0.0024 + 0.0070 0.06 [~ — CRAFT Latest Mean  -0.0050 + 0.0048
: Sigma  1.1544 + 0.0079 - Sigma  0.9429 + 0.0045
Ideal MC Entries 80086 : _______ Ideal MC Entries 80086
— Constant 0.0409 + 0.0002 g 0.05— Constant 0.0522+ 0.0003
- Mean  0.0188:+ 0.0049 %) C Mean  -0.0068 + 0.0036
: Sigma 1.0676 + 0.0054 E — Sigma 0.9099 + 0.0034
- E o oo0a—
- Pull a - Pull
" _
r — 0.03-
C o=1.15 ° - c=0.94
L » _
~ ‘© 0.02—
C o -
B 0.01[—
5 -4 -3 -2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 3 4 5
Adylo(d, ) A dfo(d)
- 2 2 3 R ¥
normalized | DATA combined meth. | MC ideal
residuals o a
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Checks of the geometry

Deformations leaving the track x2 unchanged A=local meth.-global meth.

0.01

not caught by low level validation (x2,DMR) 5. (r.ms.)., »=12 im

0.006

0.004

Compare geometries from two methods: 000 fu it o BugtaP e o
- Finy i siddis
case study: local meth. vs global meth. L FFi Fk et 2.0
= = : .y e s S °
geometries in PXB (2D measurements, 0004 :x- oo
small lever arm) 0.006
.08 X+

Effects can be much larger (x10) when
dealing with structures of size O(1m)!

| | | | B
-0.01 -3 2 1 0 1 2 3

A=design-"real”
0.5

Compare the “real” (from combined meth.) 5
to the desigh geometry

TIB: 5 mm shift of the two HalfBarrels

along z-axis (two halves shifted apart)
confirmed by optical survey

remaining scatter: indication of “"skew”?




Sensitivity to weak modes
from cosmic: skew

“SkEW" AZ " (P szdOf — MPalignment

Systematic misalignment added to the —— MPalignmentOnSkew
geometry from the global method
Re-align (global method) using DATA
starting from the systematically
misaligned geometry

Entries 225857
Mean 1857
RMS 1412

— Skow

of Trgcks

-t

nper

Num

-

12 Indof

In the plots: shifts w.r.t starting
alignment geometry (flat
horizontal line at zero if the mode

Is recovered)
%/ Skew is not recovered in the barrel!
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Towards data taking

Currently, as running on cosmics, all
events are recorded.

Aim: alignment as prompt as possible
to perform physics searches

—->Need to ensure large statistics of
events in a short period of time

Events selected on the physics HLT

menu
Express Stream will include events

selected for alignment and
calibration
Event reconstruction:
Express reconstruction:

CMS (P5) g
| HLT | Alignment& | __________]._ C_: p_ri'glt'_c_)lns
; calibration !
Storage :
Manager COTTMSSioning/ H
Physics DQM ¥
= CAF il
S Conditions
Wl B B> S
KON K I o] Database
g vyl Nol o
X S '
o Jujo <
S
Express o
reconstruction g
(within 1-2 hours) =
v v
Prompt

Repacker

]

Tier0

Primary
Datasets

Disk
buffer

reconstruction

production of AlCaReco (keep a few object to improve iterative algorithms)

Prompt reconstruction:

buffer all the data to disk, execute subset of alignment and calibration tasks

in O(24 h) using (semi-) automated tools
Use alignment/calibration results for prompt reconstruction

Complete workflow (with buffer disk for data) has been exercised

successfully over CRAFT09




- _
| Hm A Cconclusion

Belgian
Science Policy

Start up of experiment > Commlssmnlng phase >
Alignment and calibration of the different subdetector should be

//
~Sdetermined precisely to reach the/design performance ofgEMS . =

S detec‘:tor\ R 2 z
v . ; ‘k\% W4 W 5
Trackgr allggmenhs a complex-task @ the. pumbe of _
S m > -

S ‘ B -;'.—:

s =

Traeker nment.st %‘ VA £ de'?|§and usedsalliprevious

available formatlon jesof two’ algorithms.
Results obtamé‘d d/mg CRAFT08 data !\mw alignment precision
close to ideal geometry (better than expected)®

»”
-

FuII workflow has'been exercised: ’
CMS is feadyto get data and will finalize the tracker alignment

- >
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