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Introduction

The LHC

)

Marco Musich (Universita Torino)

World's most powerful particle
accelerator!

Delivers pp (and Pb-Pb) collisions at
energy scales never explored before...

Master formula at the hadron collider:

olpp — X,s) =

/ dxa dxofi (x1) o (x2)3 (12 — X, 3)

At the LHC /s = 7 TeV (14 design) and
in the partonic scattering Vs = X1X28 =
1+-2 TeV. New physics is foreseen!

Higgs search and Electroweak symmetry
breaking: crucial tests for Standard Model
But many other interesting processes
have large cross-sections!!

Already =~ 40 pb~! delivered to the CMS
experiment

o (nb)

Torino, 215 Feb 2011

10?

10?

10
10°

10°

proton - (anti)proton cross sections

F 0(E/"> 100 GeV)

i

[ S S
ot ; : :

Tevatron LHC

%

(Ef® > Vs/20)

Ow

%z

J

]
Oo(E > Vsld)

£ 0yigqe(My, = 150 GeV)

Ohiggs
I

(M, =500 GeV) /:
L i N

0.1

1 10
Vs (TeV)

=
Y

=10%

N
<L

10

10°

107

L

events/'sec for

4/49



Introduction

The Compact Muon Solenoid

One of the four Large Hadron Collider experiments (with ALICE, ATLAS and LHCb)
Multi-purpose experiment (search for Higgs, Supersymmetry,...)

A system to identify muons and to measure their momentum up to the TeV scale

© & ¢ ¢

A CMS muon is defined as a charged particle capable to produce a signal (hit) in the
p-chambers (trigger)

©

Minimal pr to reach the p-chambers is about 3 GeV/c (using solenoidal B=3.8T)

r T T T T T T T

om m 2m Im 4m Sm &m m
Key:

Muon

—— Electron
Charged Hadron (e.g.Pion)
— — — - Neutral Hadron (eg.Neutron)
----- Photon

Silicon Tracker
(charged particles)

Electromagnetic
calorimeter (e,y)

Hadronic .
; Superconducting
calorimeter :
solenoid (B=3.8T) Iron yoke
(pn,Km) ( ) detecto&s cf)osr CL:J
(DT,RPC, )
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Introduction

CMS Coordinates

CMS
A Compact Solenoidal Detector for LHC
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The CMS Silicon Tracker

Outer Barrel — TOB @ The World’s largest Silicon detector

6 layers (2 DS) @ Volume: 24 m* / Covered Si Area:
200 m? / running T = -10 °C

Inner Barrel — TIB

4 layers (2 DS)

Inner Disks — TID
@ Strip Tracker

& 15148 modules

Single point resolution 20-60
©m

1D + 2D meas. (DS modules)
DS: 4 layers in Barrel + 5+5
rings in Endcaps

3+3 disks

<

©

End-caps — TEC

©

i 9+9 disks

@ Pixel Tracker

1440 pixel dets

2D meas.

Area: 100(r¢) x 150(z) um?
Oxy = 9 pm; 0,=20 pm

¢ ¢ ¢ @
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Introduction

Why alignment is needed?
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Figure: dp/p in the CMS central
region from CMS Physics TDR

Marco Musich (Universita Torino)

The tracker is essential to measure the
momentum of the particles:

opt

OPT _ Cipr+ G

pT

Ci X 0pos single point resolution:

Cox ——Tpos
" VNhs B L2
C, depending on Multiple Coulomb
Scattering (material)

For p < 20 GeV, dpt/pr dominated by
G
For high pr particles, systematic effects

of misalignment become relevant ()

This contribution is minimized by
alignment procedures
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Tracker Alignment: the basic idea

Figure: Effect of misalignment on straight tracks.

@ In the reality the detector is misaligned: a particle of high momentum (e.g. p=1
TeV) is a “straight line” assuming real geometry (Fig. a)

@ Using the design geometry the track reconstruction could assign a curvature and
consequently give a wrong momentum estimate (Fig. b)

@ After alignment the track is re-fitted with the new geometry (near to the real one)
and a correct measurement of the momentum is performed (Fig. c)

@ Same for the other parameters of a track

Marco Musich (Universita Torino) Torino, 215 Feb 2011 9/49



Tracker Alignment

Outline
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Tracker Alignment

@ Goal: nail down to a few um the positions of all 16 588 (x 6 dof) silicon modules
of CMS Tracker.

w ()

YD q u (re)
VSL%E%/

Figure: Alignable degrees of freedom of a strip module

@ Alignment strategy in CMS: use all available data sources:

@ Surveys during assembly of the Tracker. CMM (small scale structures): precision 10
pm. Photogrammetry (large scale structures): precision 100 um
@ Laser Alignment: TEC disks position with 100 um and 100 prad precision. Relative
alignment of TIB, TOB vs. TEC
@ Track Based Alignment
@ From older experiments: ultimate precision is achieved using track based
alignment, i.e. particles crossing in situ the Tracker volume.

Marco Musich (Universita Torino) Torino, 215t Feb 2011 11/49



Track based alignment

@ The track-to-hit residual is defined as:

Re(p, ) = me pie — fe (P, q)

@ difference between measured position m;
""""""""""""" 725 and position extrapolated from fit f;(p, q;)
o depending on p = alignment parameters
Module A . . .
- \ (module position / orientation) and q;
R track parameters.
Define a Global Objective function to be minimized Q(p, q):

tracks hits

Q(p,a) = >_ > =Rl(p,q)V; 'Ri(p,q))
J i

in which:
@ Vj; = covariance matrix from track fit;

@ Rji(p,q;) = track-to-hit residual.

Alignment algorithms attempt to minimize this objective function and therefore track

residuals.
Marco Musich (Universita Torino) Torino, 215 Feb 2011 12/49



Alignment Algorithms

The x2 minimization problem can be solved in context of the linear least squares, involving
inversion of large matrices:
@ In case of N modules with six degrees of freedom (three rotation and three translations)
solving the x?2 equation implies solving a system of equations by inversion of a huge
6N x 6/N matrix
@ In CMS there are O(16k) modules = 16k x 6 = O(100k) unknown parameters to be
determined!
@ This highly challenging task is faced with two main approaches:

Millepede 11 HIP

In the global method the 6N x 6/N matrix is
inverted. Minimization is achieved by fitting
track and alignment parameters
simultaneously in one step.

In the local method N6 x 6 matrices are
solved. Minimization is attained by iterating
several times the procedure

@ Alignment algorithms return O(100k) numbers which must be validated!

@ need to monitor simultaneously the geometry, tracking performance, physics implications,

@ to every of these parameters need to assign an error!

Marco Musich (Universita Torino) Torino, 215 Feb 2011 13/49



Alignment Validation

@ Track-based alignment represents only half of alignment, after that validation of
the O(100k) constants is needed!

@ Alignment performance is validated on the data themselves at four different levels:

@ low level validation: checking the effective improvement of the
post-alignment residuals (track x° and track-to-hit residuals);

@ high level validation: comparing segments of split cosmic ray tracks, and
with the analysis of the residuals in overlapping regions of the detector,
check impact of alignment on physics observables;

@ checks of the geometry of CMS Tracker resulting from track-based
alignment;

@ Validation is performed after every alignment cycle

@ The CMS Silicon Tracker is expected to provide extremely precise measurement of
charged particle tracks = need to develop precise tools to assess alignment
precision

Marco Musich (Universita Torino) Torino, 215 Feb 2011 14/49
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© Results W|th Cosmlcs Rays
o Measurement of Allgnment precmon
0 Cahbratlon of APE '
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Comsics Rays data-taking

During 2008-2009 the CMS collaboration conducted a campaign of long data taking
exercises: Most important = Cosmic Run At Four Tesla (CRAFT):

@ Tracker operating with all other CMS subdetectors

@ 270 M of cosmics collected with magnetic field switched on (only 2% in Strip
Tracker, 1 %o in Pixel Tracker)

©

300 Hz cosmic muon Level 1 trigger rate (6 Hz in the Tracker),

At = ttop — thottom = 2 X BX =2 x 25 ns = 50 ns (muon T.o.F.)

1000

500

@ First attempt of full CMS Tracker alignment with data during the CMS global run
x10° —
S T 13
=300 *DATA 18
o °MC 18
~ e 1=
2200 1°
Q [ e 7
S [ ]
5. ]
2100~ %, 1
Qo L 4
1S L \ 1
> L 4
c L L L 1 n n n n " - it e
0 50 100 150 50 100 150
p [GeVic] @ [degrees]
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Low level validation

@ Clear improvement after alignment compared with the non-aligned geometry

@ Best results in terms of x? and residuals given by combined method obtained by
running first the global method to solve correlation and then the local to match
the track model in all d.o.f

@ Track refitted with properly tuned Alignment Position Errors (APE)

x10° x10°

g f 1 g f ‘ ‘ ]
S 04 — — DATA combined meth 3
£ r 1 9 s00 mean= 0 um =
s L —— DATA combined meth. 4 @ RMS:S‘Z l;ml . 3]
g E 4 = DATA global met! ]
DATA global meth. = |
8 o3 gloparme - & 400C  mean=0pm ]
c r ===+ DATA local meth. ] E RMS=83 um 1
E r DATA before align. 1 g 300F """ DATAJDCN meth. |
0.2 B e mean= 0 ym 1
“E 4 =1 RMS=88 um ]
F 1 = 200 DATA before align. 3
C ] mean= -20 um ]
0.1 — r RMS=1008 pm 1
L F ] 100~ -
L i i - I [ L —

0 5 6 -500 -250 0 250 500
X2Indf Uprea Ui [MM]

Figure: Left: x? of tracks, right: track-to-hit residuals in TIB
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Results with Cosmics Rays Measurement of Alignment precision

Estimation of residual misalignment

@ Residual widths dominated by stochastic effects, like multiple Coulomb scattering or the
intrinsic resolution of the hits:

OR = Onit @ oMS
~~ ~~
intrinsic ~ Multiple Scattering

O mis

misalignment

@ Goal: disentangle random effects from systematic ones produced by remaining

misalignment

@ at zerot order the alignment recovers the true position of modules along the
measurement coordinate = check that the residuals are “centered” after the alignment

Misaligned

real track /

Marco Musich (Universita Torino)

Track residuals

Torino, 215 Feb 2011

Re-aligned

reco track

real track
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Measurement of Alignment precision
Effect of outliers on residuals

@ Outliers are present in the distribution of residuals

@ The mean value of the distribution is not a robust estimator of the mean value
because of non-gaussian tails

@ Check effect of outliers via MC pseudo-experiment:
@ Generate random distributions of residuals, taking number of entries taken by
data;
@ Introduce outliers, modeling non gaussian tails with exponential function;
@ check widths of the distributions of median and mean values.

u’ Residual for module 436310828 ;"‘”“ M;“:S E QGT\ MC T T T ™
.. |V -802re- [To ]
E10° P oaemla DY TIB |

E 0 + F —]
F B oo | & 2L Mean E
A seszers | & L Median ]
W0°E ous000 | w5 20F  nput mis. 3 um |
F 2 r ]
[ o 150 -
10 C ]
£ 10 _+__+_—+—+ 3
1= 5 I S S S 5 B
k | Il | oL I I I I I I | I |
-0.1 -0.05 0 0.0 0.1 0.0 05 1.0 15 20 25 3.0 35 4.0 .5.0
(U~ W) [em] % of outliers
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Measurement of Alignment precision
Residuals Misalignment: the DMR (MC studies)

@ Mean of residuals is not a robust E & E
estimator of the position of the ; ]
“center” of the residuals distribution o 1
because of outliers in real data; &3 ]

@ Tested several others: median, . |
truncated mean?, mean of a . o . R
gaussian fit; E Toe, P e

@ Take MC of the detector in ideal o 1 ™R
conditions and apply a random o E 3
gaussian misalignment of known ok ] ]::
width;

@ Look at the distributions of “peak e e e
estimators”;

@ The Distribution of the Medians of Subdet Misal. Mean T. Mean Median Fit Mean
Residuals has RMS very close to the (pm) | (pm) (pum) (pm) (pum)
width of input misalignment; IB:E:;(( 1(5)80 6\2 6\2 5\6 5\8

TIB 20 23 23 20 20

?Excluding 5% of hits fartest form the TOB 20 24 24 22 22

TID 100 84 84 86 81
core. TEC 100 114 114 100 111
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Measurement of Alignment precision
DMR at CRAFT

@ RMS of the Distribution of the Median of the Residuals (DMR) measure the remaining
misalignment in the detector.

DATA DATA DATA DATA MC MC modules
before global local combined combined ideal
BPIX (u/) | 328.7 75 3.0 2.6 21 21
BPIX (v/) | 274.1 6.9 13.4 4.0 2.5 2.4 757/768
FPIX (u’) 389.0 235 26.5 131 12.0 9.4
FPIX (v’) 385.8 20.0 23.9 139 11.6 9.3 393/672
TIB (u') 712.2 4.9 7.1 25 12 1.1 | 2636/2724
TOB (u/) | 168.6 5.7 35 2.6 1.4 1.1 | 5129/5208
TID (u') | 295.0 7.0 6.9 33 24 16 807/816
TEC (/) | 216.9 25.0 10.4 7.4 46 25 | 6318/6400
E [ OATA combined metn E1500] — DATA combined teth. ' 1 & [~ OATA combined meth
S a00f  mean=-01um - mean- 0.1ym S mean=00 ym ..
7 RMS=2.6 ym 7 RMS=2.5 ym 7 RMS=2.6 pm i
£ DATA before align. £ DATA before align £ DATA before align. | |
3 mean= -78.1 ym 3 mean=-17.3ym 20000  mean=43um i ]
£ pof . TMSBTum 1 Zuoof Rws-rizzim q £ RMS=168.6um |
° Mean= 0.0um ° mean 0.1um H
b { - i
] M combined meth £ wined et 1 Bl ]
o0 RS 1 % S
Eo BT 3 5 o 3% e i 3 5 -50 30 5l 30 5
uﬂz(u‘pmd-u‘mx) lum] um(u'mﬂ~u‘m) [um] Miri(uva-uvmx) um}

Figure: DMR fot BPIX (left) and TIB (center) and TOB (right).

@ Module positions w.r.t to cosmic ray trajectory measured with a precision of 3-4 um in
the barrel and of 3-14 um in the endcap (along r¢).
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Results with Cosmics Rays Calibration of APE

Alignment Position Errors

@ The alignment position error (APE) characterizes the measurement uncertainty of
each detector due to misalignment effects.

@ The APE is combined with the spatial (intrinsic) resolution of the detector giving
the total error of hit positioning on the silicon modules:

2 2 2
O¢.eff = O¢ hit T O, align

The APE affects the search window of
pattern recognition in track finding and Unceriinty of
have direct impact on: Realtge

Fake
Track’

@ Spatial resolution
© Small APE

" /| ® Huge APE
-+ Misalignment

@ performance of track reconstruction Layer ket

@ efficiency of track reconstruction

Layerk

track quality (x°) y

fake rate

Layer k-1
momentum resolution

Nominal position

¢ © ¢ ¢

vertexing resolution
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RESTRVAL NEH N ICHEWN  Calibration of APE

Strategy for determination of APE

Strategy for the determination of the APE:
@ They need to be module-dependent since alignment with cosmic rays is better in some
regions than others (due to higher illumination in the top and bottom quandrants of the
tracker).

@ So find a region of the detector well aligned (top quadrant)

@ estimate the remaining misalignment (after the alignment procedure) from MC-data
matching: the APE value has to match the value of the remaining random misalignment

© Finally estimate the APEs in the rest of the Tracker (outside the fiducial volume) by
taking into account the different illumination of cosmic rays

Marco Musich (Universita Torino) Torino, 215t Feb 2011 23/49



Results with Cosmics Rays Calibration of APE

Determination of residual misalignment
The APE are estimated introducing a random (gaussian smeared) misalignment in the

CRAFT MC simulation, to match the DMRs and trends of residuals in CRAFT DATA
(in the control region and with the selected track sample).

@ Jv not affecting DMRs but spread in

@ translation in du affect the DMR the residuals
@ so tune layer by layer du comparing @ so tune MC to reproduce trend of
DMR fo misaligned MC and DATA barrel layer residuals of DATA
£ ST TGS P T : » 50014}‘+‘CMS|‘)AYA‘ ‘ cm‘szon; B
: 3 - reliminary ~ m [ —o Misalme (30 Cosmic Ray Data
2 100 , o =2 0.0121- e Misal. MC (Bu+dy) ]
- o — CMS DATA r |
. < mean= 1.6 um . £ 0.01 E!
' e RMS=21.7 um . H Eo . -~ ]
; 5 [ e oo - oo, <+ -+
S N ] N ([T SEDEEE :
. 2 mean= 0.8 um .- « E === E
; RMS=21.1pm n 0004 E = === 7
: t Sl 0.002] B
B ra E ]
- -100  -60 = 2 60 100 \."\, O oy, oy Ty, g 0, 0, e, Joa 081,
du . HipU k) Tuml 5 o
Figure: DMR comparison Y¥a
Figure: Trend of residuals comparison

v
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Results with Cosmics Rays Calibration of APE

Determination of APE

@ The APE has to be specified in 3 directions (u,v,w)
@ Choose to neglect correlations between directions: use spheres
@ The radius of the sphere is defined as:

Raoe — R . No RMS(p1/2(R;)) in Pixel and Encaps
APE = "0 N Niis | w (Ju@ L64)  in TIB/TOB

@ In the endcaps and in the pixel detectors use the width of the

sy =
197 DMR distribution measured in DATA
!
P @ In the barrel detectors use the misalignment parameters du, §y
i : obtained as described before to match the DATA distribution
iy (in the sensitive coordinate) with the misaligned simulation
- L _ , .
18U @ Ry asymptotic value reached for the well aligned modules with
i:' Nhits > No. The APE radius is scaled according to the
statistics available

@ k and Ny are parameters tuned on data

Marco Musich (Universita Torino) Torino, 215t Feb 2011
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Results with Cosmics Rays Calibration of APE

APE Calibration

0.12F T T
Dejaf:)“om 04a TkAlignment 2008 -
01 n= = . TIB 1
-4 calibrated
H=0000=103

0.08
0.06

0.04

number of hits fraction [%]

0.02]

-3 -2 -10 1 2 3
@)

@ Define the normalised residuals:

~ R Upit — U
R=— ="t _2% 4z = og(APE(K))
OR OR
@ The k factor is tuned with an iterative
procedure until the contribution to the hit error
determines the pull of residual to be ~ 1

@ After the tuning of the
APE, the peak of the track
x? is shifted to 1

@ The Prob(x?) becomes
more uniform

@ The distributions of the
RMS of normalized
residuals (DRR) peak to 1

Marco Musich (Universita Torino)
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© I Cosmic Ray Data mean= 0.4

= 10°F RMS=0.3

u_lO; — Default

) b mean= 0.7

B RMS=0.3

o 10*

S

> S ]

2103? E
ol b b b b b b b a b

0 010203040506 07 0809 1
Prob(x2 )

Track
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Results with Cosmics Rays Calibration of APE
APE Validation

The Alignment Position Errors are validated in terms of tracking performace using the cosmic
track splitting method:

@ split a long cosmic track passing through
the Pixel volume, along it P.C.A.?

original track 1 original track y

@ reconstruct separately the two legs

@ check the normalized residuals of the track refitted upper leg _
parameters q = (dy, dz, q/pT, 0, ¢):

q(PCA)top — q(PCA)goT

2 2
%Gror T %agor

refitted lower leg

?Point of Closest Approach

25001 . . T . . 1800 . . : . .
owmre b 1600F _._ e A0
123 =-0020=049 ¢ CMS 2008 v 1 =-0.060 =065 CMS 2008
20000 oo g Cosmeraydaal B1400F 100 aee Cosmic ray data] ) X
g e & 1200k #2030 =100 E @ After APE calibration all the
g1 7 E1000 pulls are found of O(1),
S1000- 13 6o showing correct assignment
& so0f 1§ 400 of the errors.
200
e N R B G2

-1 0 1
A 1/p Jo(1p,)

10 1
adJo(d,)
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Outline

@ Results with Collision data -~
o Residuals Vs:Momentum
@ Primary vertex validation
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Alignment with collision tracks

@ First alignment performed with O(1 nb~1!). Only Minimum bias available = low
constraining power
@ The first alignment with collision tracks performed mixing cosmics and Minimum Bias

x0° x10°

) T @

£ ] £

8 500 8 120

s -Cosm\c§6 o s = Cosmics |

mean= mean=

° \MS=12.2 2 100

g 400 - er\B\asl 5 3

mean:
E RMS=1 £ 80
2 300 2

N
8
8

-
8
8

0,

0 5 10 15 20 25 30 35 40 45
P, [GeV]

@ The use of Minimum Bias tracks passing mainly at high n allowed to improve alignment in
forward detectors

51 DMR FPIX - CMS Preliminary’ 5_ 400| DMR TID - CMS Preliminary ' il
g 300] — DATA 7Tev 2010 1 3 — DATA 7TeV 2010
< mean= -0.6 um < mean=-0.0 ym
-] RMS=5.7 um g 300; RMS=4.0 um 7
E — MC No Misal E — MC No Misal.
5 4 % mean=0.1ym
z 3 200 4
£ £
5 5
2 2
r 1 ] 100 7
C \ d | | |
0 30 10 10 30 50 -50 30 10 10 30
B (U ) Tum) MU i) [um]
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Results with Collision data Residuals Vs Momentum

Track-to-hit residuals vs momentum

@ A charged particle crossing silicon experiences Multiple Coulomb scattering

@ The uncertainty on the deflection angle g is:

o(8) = %z, 5 [L+0.038 In(t/X)]

Au Au
Layern_ _of |+ L] @ If the lever arm betwenn adjacent
] / layers is L the track extrapolation
Cyorma uncertainty is:
L [t
o = L-o(fB) x =4/ —
(3) o\ %

@ thus residuals widths decrease as a function of track momentum:

At/ X
or = otk(P) ® ohit ® omis — or(p) = At/ %) ®B

x1/p ~const
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Results with Collision data Residuals Vs Momentum

Track-to-hit residuals vs momentum

@ Extract for each layer and each momentum bin the width of residuals
@ Fit trend of residuals with function:

A2
or(p) = 2 + B2

@ extract B parameter and deconvolve the intrinsic hit resolution oy (obtained with an
independent method):

— . . e 2 2
B = 0hjt @ Omis — OTmis = B — T it
o T T = FT T
CMS 2010 @PXB-MC  -O-pxB-DATA 5 70
\s=7 TeV ®TB-MC  -©-Ts-0ATA = © DMR method
®T0B-MC -©-708-0ATA o 60

—— residual trend method

@
3

residuals width o, [um]
3

@
8

T [ S
BN
5 3

et

L1
TIBL1 TIB Lz TIBL3 TIB L4 TOBLLTOBLZ TOBL3 TOBLA TOBLS TOB L
track Momentum interval [GeV] Barrel Layers

Figure: Left: trend of width of residuals as a function of p. Right: comparison of the
alignment precision obtained with the DMR method and the residual trend method.

@ Results obtained are in crude agreement with the ones obtained with the DMR method.
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Results with Collision data Primary vertex validation

Primary Vertex Validation

With collision tracks it is possible to monitor the performance of alignment in the Pixel

detector: use unbiased residuals of tracks w.r.t reconstructed primary vertices to test
alignment.

(]

Select a sample of “good” collision tracks

Extract from those a probe track

o

@ Fit the primary vertex with the remaining ones

@ Evaluate the unbiased track residual in the transverse and longitudinal planes
o

Iterate over all good tracks

refitted PV v |
/ \track Transverse and longitudinal impact
parameters are defined as:
dy (PV) = [(b—v)xpr]-2
_ (b—v)-p 5
d,(PV) = [(TTP) —(b— v)] 3
probe track
Marco Musich (Universita Torino) Torino, 215 Feb 2011
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Results with Collision data Primary vertex validation

Primary Vertex validation

. . . . . 3
@ The width of the distributions of track impact ¢ 300729
I 5 7 GMS Preliminary
parameter have two contributions: © 2BQf v wrirmesey 3
8 250
@ uncertainty due to track extrapolation % 2005
@ uncertainty on PV position E ek
@ so fit the IP distributions with double gaussian 100F
pdf. 50
0™=""Z5%d 0 'sogxy -
raw pum
@ The mean value and the RMS of the
distributions of unbiased track IP are v v 10 n=15
. o
extracted in bins of ¢ and 7 of the , Ne e s - A" :12'8
1 375 -
- ~f,
probe track O N i A _
5\\\//)2‘“ s 2z =" _ -~ N=25
@ deviations from expected behaviours ~U oy = -
. . . IS i z
are attributed to misalignment effects s\\\ |V /) ) B beamaxis
NG ‘\ A
r _—
R
r-p view r-z view
v
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Results with Collision data Primary vertex validation

Studies with simulation

@ Pixel systematic elliptical distorsion for testing algorithm capability to spot it

@ For each module: §r/r =1 — cjcos2¢ where ¢ =2 - 1073 = 6r ~ 100um

M, Cvs @sector

d,, Cvs @sector

2
15E —8— Eliiptical 3R/R=2010" 18] )"(Qﬁ“:ﬂ, v ;mlnq (luncno;)
o Startup Geomet A 2528+0308 cos (wo+

10F eriup Geomety 10F © 1215+ 0031

z E v 09392402117

5 SF - - 5 SE

B e e 2 IS o

2 - z

= £ SR
T g
T i
S S S S S SN [, S S S S S S S S S

165 1% 105 75 45 5 15 45 75 105 1% 168 T W5 5 45 5 5 45 75 105 1% 165 1%

@ (sector) [degrees]

@sector [degrees]

@ To test sensitivity in the z direction introduce for each module a displacement z/ = z + 4z
(for |¢| > m/2) with 6z =25 pum

Aluminum
cooling tube

[d, Cvs @sector

———
B0} e oot ermery 2-001m 1S prefiminary 2010 ]
40 —e— HsAZ:25umAz=-9:1um \[S=7 TeV 1
Lpetector modue = sofee—e EE——
Detector- &
endflange =1 O}
8 200 oo E
-a0f B
Carbon fibre
blades Detector- -60 3

7~ suspension

O N S S R R
165 135 105 75 45 15 15 45 75 105 135 165

@ (sector) [degrees]

@ Method tested to be sensitive to movements in r¢ and in the rz plane down to O(10um).
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Performance in 2010 data

@ Lifetime measurements sensitive to movements of the
inner layers of BPIX and FPIX, so monitor constantly

pixel geometry 'AZ/’% z(
@ during 2010 most striking deformation observed is the -

sporadic movement of the BPIX half-shells in the z BPIX -x

. . Half shell

direction
@ dayly the PV validation is performed and the relative

separation is measured BPIX +x
@ when realigning for reprocessing of data, divide dataset P Half shell

in different periods accounting for different positions of /+Az/2
BPIX half-shells

d, separation of BPIX half shells vs. time d, separation of BPIX half shells vs. time
E T E
260 5 Z60F
° : DS
40 40
20 20F
5 F A
0 iq], [ 5" e . oF &z % . “ e daxt
i hd - £ L '
—2d = -2
e E
4 -4¢
6 -6
0316 G105 Gar30 D126 06120 67t “OBITL 0805 1001 1028 Turan  osits™ilde- - GaE 58 bk o Bt b i

Figure: Trend of the measured separation of the BPIX half-shells as funct:on “of the day before
(left) and after (right) alignment.
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Impact of alignment in early charmonimum physics

Outline

) o }r?;ﬂ?’;‘/ '." z
© Impact of alignment in early charmonimum physics

a.f i
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J /1 production in CMS

J/4 mesons, at hadron colliders are produced according to three different mechanisms:
@ prompt J/1 produced directly in the proton-proton collision;
@ prompt J/1 produced indirectly (via decay of heavier charmonium states such as xc);
@ non-prompt J/1 from the decay of a b hadron.

The CMS experiment measured for the first time, at ﬁ:? TeV, the total and differential in pr
production cross-section for prompt and non-prompt J/1, using 27000 di-muon candidates
collected in the first 314 nb~! of 2010 data.

- F T T T T T ] _ F T T T T T ]

‘“§1 000[—cms V5 =7Tev Ly =314 nb” ] §3soo [-oms V5 =7 Tev Ly = 314 nb7" 3

> [ data 1 ® E + data 1

O gool- signal+background 1 E signal+background E

o 800 ] k|

S I background-only 1y, <12 ] - background-only 16<ly, <24 3

o L 4 ]

7 600~ o=28Mevic? — = =48 MeV/c? 3
2 [ ] 2

c - - c E |

2 400~ J 15001 E

w r ] w = 1

r ] 1000 =

200 = e El

. 1 SO0 e E

0 e R B e e T N P R I PR

86 27 28 28 3 34 82 83 84 35 8657 58 59 3 31 32 33 84 35
u* W invariant mass (GeV/c?) u* W invariant mass (GeV/c?)

The narrow width of the resonance allows to use the J/v as a benchmark for detector

performance, and to test alignment impact on physics observables.
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Separation of B-fraction

It is possible to measure the fraction of J/1 produced in b-hadron decays

The quantity £,/ = Lxy - my/y/pT is

computed for each J/4 candidate: . primary
Y vertex
[ uTo~1x
¥ uTolu

where x vector joining di-muon vertex
and PV, in the transverse plane,
u=pr/|pr| and o = combined error

An unbinned likelihood fit is performed using:

N
InL=>"InF(ly,mu)

i=1
where N is the total number of events and my, is the invariant mass of the muon pair. The
expression for F(£,/y, muy) is
F(ZJ/wv muu) = fSig : FSig(éJ/w) . MSig(mw) + (1 - fSig) . FBkg(ZJ/zp) . MBkg(muu)
In the £,,,, projection appears the b fraction parameter f},
Fsig(£y/4) = g - Fg(€yyy) + (1 = 15) - Fp(£y/y)
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Tracker weak modes

@ Statistical precision reached after track-based alignment is not the final step of alignment

@ Non-trivial transformation, leaving the x? of the tracks unchanged (weak modes) can
affect Tracker, surviving after track based alignment

@ Physics can be affected by those distortions in subtle ways, if not corrected

s
e

o0

s
szt

cepart

4 @ To assess the impact of possible
) remaining x2-invariant modes of the
sk w‘,v;;‘ geometry on physics observables:
T ® 9 (Ar,Az,Ap) X (r,z,¢) distortions are
- i§§’~. introduced on top of the aligned geometry

@ the Tracker is realigned usign the same

strategy used for alignment with collision

data

@ the 9 resulting geometries are used to
re-reconstruct the tracks
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Impact of alignment in early charmonimum physics

Effects on the J/1) mass

Re-reconstruct the tracks with all

© 660

taken as systematic error

the 9 considered modes;

for each bin of y — pr of the J/v perform the two-dimensional fit;
extract for each y — pr bin and each mode the measured value of the J/1¢ mass.
in each bin the largest excursion Am (O(0.5 MeV)) w.r.t to the nominal geometry is

<3100 T T T T T

Events / ( 0.015 GeVic?)
N 8 A @ o® N @
8 8 3 8 8 3 8
8 8 8 8 8 8 8

100
I L L | | L

- background

S E

Somf e cwsao

2 3098 PDG value

& 3007
3096
3095
3094
3093
3092
3091

L, =314 nb'

background

+non-prompt
total it

0<p <1.25 GeV - 1.691<2.4

e

3090

31 32

L1
Sartng, DOwing, St i [l iy

L L
33 34 35 gy
Jipsi mass (GeVic?)

A bias in the measurement of the mass is found w.r.t the PDG value,
effect is present also in the MC simulation, without misalignment = uncertainties due to

PR
Skey, “’esc.,p:"sl
m

2y,
form,
ode

imperfect knowledge of the magnetic field, detector material, biases in track fitting

algorithm.
o

one introduced by the momentum scale correction procedure to recover the bias
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Impact of alignment in early charmonimum physics

Effects on the b-fraction

@ Extract for each y — pr bin and each mode the measured value
two-dimensional fit

of the b-fraction from the

@ in each bin the largest Af, w.r.t to the nominal geometry taken as systematic error

L, =314 nb'

—— tomiit

s —
2 .00k » realoned
8

= -

;i

4

modes

0,015

—
CMS 2010
\5=7TeV

0<p,<1.25 GeV - 1.691<2.4

o

:

o i
Sartng g 1 Mot Sl Wit ow, s sy N"“""auu.,

mode
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y pr (GeV) Afy, Afy/fpy (%) mode
0-1.2 4.5-6.5 0.0045 25 skew
0-1.2 6.5 -10.0 0.0016 0.6 sagitta
0-1.2 10.0 - 30.0 0.0021 0.5 sagitta

1.2-1.6 2.0-45 0.0066 4.7 z-deformation
1.2-16 45-6.5 0.0019 1.0 twist
1.2-1.6 6.5 -10.0 0.0019 0.9 z-deformation
1.2-1.6 10.0 - 30.0 0.0057 1.6 sagitta
1.6-2.4 0.0-1.25 0.0051 10.5 skew
1.6-2.4 1.25-2.0 0.0050 5.7 elliptical
1.6-2.4 2.0-275 0.0044 3.7 sagitta
1.6-2.4 275-35 0.0018 1.4 curl
1.6-2.4 3.5-45 0.0016 1.0 telescope
1.6-2.4 45-6.5 0.0066 3.7 z-deformation
1.6-2.4 6.5 -10.0 0.0016 0.7 bowing
1.6-2.4 10.0 - 30.0 0.0056 1.6 radial

@ The relative uncertainty on f, due to
alignment ranges from 0.6 to 10.5 %

@ In most bins the largest contribution comes
from distortions involving the z-scale

Torino, 215 Feb 2011
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Measurment of the b fraction

[} T T T T T 1
S 0.5 CMS \s=7TeV 314nb’ .
5 [ o 16<lyl<24 1
S b - 12<ly<16 ]
004 o lyl<12 1 B
e f | ]
e r ]
2 0.3 .
Zr ! 1
S F ]
G o2f % 1
s gt ]
5 oib gl ]
& 0.1 fil CDF \5=1.96TeV |y|<0.6
w N PRD 71 (2005) 032001 ]

C I I I I ]

=)

Il Il Il Il Il
8 10 12 14 16 18
Py (GeVic)

=)
N
IS
o

Table: Summary of relative systematic uncertainties in the b-fraction yield Afy/fy (in
%). The range shows the min-max Af,/f, excursion found when changing the pr bin
for each of the three rapidity regions. In general, uncertainties are pr-dependent and
decrease with increasing pr.

ly] <1.2 12<Jy[<1.6 1.6<|y[] <24

Tracker misalignment 0.5—25 0.9 — 4.7 0.7 — 10.5
b-lifetime model 0.0—-0.1 0.5 —4.8 0.5 —11.2
Vertex estimation 0.3 1.0 —-123 0.9 — 65.8
Background fit 0.1 —4.7 0.5—-9.5 0.2 — 14.8
Resolution model 0.8 —12.38 1.3 -13.0 0.4 — 30.2
Efficiency 0.1—-1.1 03—-1.3 0.2—-2.4
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Conclusions

Outline

© Conclusions
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Conclusions

Summary

@ Challenging demands of CMS for the momentum measurement led to design a complex
inner tracking system.

@ Unknown position of the 15k modules is one of the main sources of systematic error for
physics

@ Methods to assess the alignment precision have been developed and tested with cosmic
ray data

@ Alignment during commissioning with cosmic rays (CRAFT) significantly improved
alignment statistical precision to 3-15 um

@ An algorithm to calibrate Alignment Position Errors have been developed using cosmic ray
data

@ Collision track topology allowed to estimate remaining misalignment in the barrel region
by a fit procedure to the track-to-hit residuals as a function of track momentum

@ A flexible data-driven tool, based on the unbiased adaptive refit of primary vertices was
developed and tested on the 2010 data sample allowing to monitor alignment performance
in the Pixel Tracker

@ The impact of possible remaining systematic misalignment on physics observables have
been tested on a sample of J/v — uu decays corresponding to 300 nb—!

Thanks for the attention!
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Backup
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CRAFT: alignment strategy

@ Dedicated alignment stream (AlCaReco) 4.5 M of events
@ 3.2 M of tracks selected for alignment (only 3.5% have at least 1 hit in Pixel volume)
@ Large statistics available allow for a separate alignment of stereo and r-¢ components of
the DS modules (module unit)
@ DS modules:
@ 2-D measurement in the combined plane
@ 100 mrad stereo angle between two components: Av ~ 10 X Au
@ Alignment in v of a DS module found to be not consistent with assembly accuracy
@ Separate alignment of r-¢ and stereo component improve dramatically residuals

Track Quality cut Value
momentum p > 4 GeV
number of hits > 38

number of 2-d hits >2

(on Pixel or DS modules)
x?2/ndf of the track fit < 6.0
Hit Quality cut Value
S/N (Strip modules) > 12
pixel hit prob. matching > 0.001 (0.01)
template shape in u (v) dir.
track angle w.r.t. uv plane < 20°
square pull of the hit residual < 15
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Determination of a control region
In order to have a sound estimate of remaining misaligment:

@ take a well aligned region (upper quarter of
Strip Barrel)

5
. ® o4 —Filtered
@ to select tracks crossing the tracker volume o3 gga:ngols
with the same angle ooef  — nfitered q
RMS=0.2
normal oo
p-W orma
cosfzp = | —— t=_d 004~ CcMS 2008
| p ‘ cos0 Cosmic Ray Data
0.02-
select tracks hit pattern in order to satisfy a

I L
0 010203040506070809 1
cos 8y,

4

test-beam like geometry

B ‘ E @ Then in order to minimize the MS
0 © PXB E| . . .
2 . TB 3 contribution to the track hit:
o * TOB 3
B E
2 = L t
g, E oms(p) ox L-og ox —4 [
Z El pV Xo
= 0015 k\ o, AN 3 3 .
EN El @ Select tracks with p > 20 GeV where residuals
a ~NL E|
Te, = start to saturate

2550 Gev. 550GV
Momentum Interval
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Tracker weak modes
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