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The CMS Tracker

The largest silicon tracking detector ever built!

* must provide low occupancy for LHC high luminosity
* high-precision tracking for heavy flavour identification
* coverage up to [n| <25 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
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The CMS Tracker

The largest silicon tracking detector ever built!

* must provide low occupancy for LHC high luminosity
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Operational fractions
strips: 98.1%
pixels: 98.3%
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Strip DAQ & Commissioning [H][E

%'130:— Peak Mode
51’l"ip$ DAQ in a nUTShe” § 1601 Deconvolution Mode
o C
* readout chips can operate in peak and deconvolution mode %::2_ E
> peak mode (used in 2009): 1 sample readout; robust §100:— E
to time misalignment; low noise $ sof E
> deconvolution (default): 1 readout of 3 weighted samples; T gk =
indispensable for 25ns bunch spacing in LHC; a0F E
needs pulse shape tuning; higher noise 20; E
* analog readout over optical links for each L1 trigger °”“°J||| T
+ off-detector digitization and zero suppression 0 50 100 150 200 250 300 350 400 450 500

Time [ns]
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Strip DAQ & Commissioning [H][E

"g 180 Peak Mode
° ° [s] L
STI"IpS DAQ in a nUTShe” 8 1601~ Deconvolution Mode
8 1400
* readout chips can operate in peak and deconvolution mode % 120F-
> peak mode (used in 2009): 1 sample readout; robust §100:_
to time misalignment; low noise $ sof
> deconvolution (default): 1 readout of 3 weighted samples; T gk
indispensable for 25ns bunch spacing in LHC; ab
needs pulse shape tuning; higher noise 20F
* analog readout over optical links for each L1 trigger °”“°J| i e S TTTFTINT:
+ off-detector digitization and zero suppression 0 50 100 150 200 250 300 350 42?&"’&2?”
-J-CIM\Isllljr]ellErlr‘lirlllalrlylzlol-'loll TTTTTTTTTTTTITITITTT | 1Tl I TTTH
390 | 3
. . R . 8 [ TECthick :
Strip commissioning 80 =
o C TOB ]
* tune lasers for optical readout links Db ¢
+ optimize readout chip (pulse shape, analog baseline) 60— E
* noise and pedestal measurement strip-by-strip 50 T8 E
» synchronization on module-level a0t y E
> scanning signal peak with collisions 305 - s :
allows to correct synchronization down to < 1ns : ke § ;
20||\|| pilosoalvonnlbioalionibariily 1l

-15 10 5 0 5 10 15 20 25
Delay (ns)
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Pixel DAQ & Commissioning

Pixel DAQ in a nutshell

* zero suppression in readout chip; adjustable threshold per pixel
* analog readout over optical links for each L1 trigger
+ off-detector digitization
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Pixel DAQ & Commissioning

Pixel DAQ in a nutshell

* zero suppression in readout chip; adjustable threshold per pixel
* analog readout over optical links for each L1 trigger
+ off-detector digitization

Pixel commissioning

+ calibrate readout chain: timing, output
gain, laser settings for optical readout links

. : : : _hvoni T A E ) B B T >
response calibration pixel-by-pixel j:;v 4.2~ CMS preliminary 105 B
* zero suppression threshold optimization S 4= IR B EN
: - : . Q - .l —0.95 =
+ fine delay timing scan with collisions N os8- ¢ . S I 5
> maximize efficiency and cluster size g 36— e, 22
N = . 10.85 .=
> 34— . - ©
= - c
\ 320 * fimal :50.8 =
3, op mp —50.75 =
285 working 507
Fe . —0.65
2.6 point ]
e v v 11008
5 0 5 10 15 20
Delay [ns]

ICHEP 2010 - Paris - 22 July 2010 5/17 Steven Lowette - UCSB




Preparing for collisions: Cosmic Run At Four Tesla

* CMS registered hundreds of millions of cosmic rays in two periods in 2008 and 2009
* these cosmics were used by the tracker for a multitude of calibrations
> adjust detector timing

> operqfe sfrips in deconvolution 2008-Oct-20 04:52:41.749892 GMT: Run 66748, Event 8868341, LS 160, Orbit 166856666, BX 2633

mode for extended period
> measure hit efficiencies
> align the tracker as good
as possible with cosmics
> measure Lorentz angle
> test the tracking algorithms

* this allowed the tracker to be ready
for collisions with a remarkably well

prepared detector!
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23/11/2009 - 30/3/2010: First Collisions!

CMS Experiment at LHC, CERN
Data recorded: Tue Mar 30 12:58:48 2010 CEST
_~_ | Run/Event: 132440 / 2737921
—_~"\| Lumi section: 124

#51—— | Orbit/Crossing: 32323764 / 1

High - Energy Collisions at 7 TeV
LHC @ CERN
30.03.2010
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Charge Collection

> thick sensors (outer barrel) collect more signal
than thin sensors (inner barrel and disks) 6000
> more noise with increasing strip length

& 14000 T T

Signal-to-noise ratio in strips S 1000 :
. - CMS preliminary -

from on Trl'laclf c;lus’rer's | 10000 Data - 2010 i

* agrees well with expectation . ]

8000 MPV: 22.5 1

4000
9 . M M .
deconvolution readout (default) has higher noise deconvolution 1
2000 .
TIB TID  TOB  TEC thin  TEC thick mOde
0 III|IIII|IIII|IIII [ IJILII
900GeV, peak 27.4  26.7 34.1 28.8 35.7 10203040 50 60 70 80 80 100
) Signal-To-Noise
7TeV, deconvolution | 19.4 18.5 22.5 19.2 23.7 3 WS preiminary 2010 \=7TeV
f 300000 Pixel Barrel =
g C mc ]
. W 250001 } DATA 3
Pixel charge 3 :
. © 20000 i =
* measured from hits on good tracks é : I' :
. 15000 ' -
» scaled by track path length and sensor thickness Z )
+ good overall data-MC agreement in both 10000
barrel and endcaps validates the readout chain calibration 5000/ P =
C ( ;:'!-,3\ E
070 2030 40 50 60 70 8080700

normalized cluster charge [ke]
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Hit Efficiency

s\ ooy .:........... L .—.—:—.. L i e | i_:_'_" =
E’ - - LI | - . " " i
Strip hit reconstruction efficiency 098] oS preiminay 2010 "
* module-by-module efficiency determination 0.96] - 95% efficiency 1
+ allowed to spot and fix several issues . . " . 2
> remaining inefficiencies being followed up 094~ ]

+ very high efficiency 99.9% 0922 _ . Good Modules

when excluding known problems T = All MOd“'ES#
O-Q_FNMVFNCQﬂ‘W THNMTNOT NSO~ TN SN0~
2EREBBBER feRLAMCRRRRRE BoRRRRE
Pixel hit reconstruction efficiency & toaf T E
> ~ CMS preliminary .
: : S 1.02/— -
* look at hits on tracks seeded from the pixels & - .
. . . o 1__ - ™ : ]
+ very high efficiency > 99% - T '
0.98F s =
> layer 1 efficiency underestimated by ~1.5% - -
due to secondaries originating outside layer 1 0‘96;_ * 7 TeVcoll. data |
> not an inefficiency and well modeled 0.94- 95% efficiency * Monte Carle —
0.92F —
0.9 —

i BF}:Y L‘ayeripfx "‘‘5“.1’(-‘;‘Jr-‘?‘\:~.}':1lr:\r L‘aye::: al D’:Sfr “?:’.r;\- D"Isk ‘Zp& D"Sk f:baioflsk +2
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Hit Resolution

Strip & pixel hit resolution

A
* use hi'rs in overlapping modules in bar!r!el backward predicted combined = reference
i x—pred2
* from residual of double difference L =
of hit and track position

x—hit2

N NinseHSiTive To misalignmen.‘- backward extrapolated .‘
> minimizes multiple scattering " - / rorwara preaictea
> as good as no effect from =

track extrapolation

* strips: measured in cosmics Sensor | Pitch | Resolution |Track angle
> agreement with simulation [pym] [ym] [pum] 0° —10°
> 6~ 17 pm in inner layers \ Measurement | 17.2 £ 1.9
TB12 1 80 | \ic rediction | 16.6+0.5
* pixels: from collisions TIB3.4 | 1p0 | Measurement | 27.7 £3.6
> good agreement with simulation MC Prediction | 26.8 0.7
>0 =12.7+2.3 um (MC: 141+ 0.5 um) TOB 1-4 | 183 Measurement | 39.6 +5.7
_ , MC Prediction | 39.4 +1.3
>0 =282+19um (MC: 241+ 0.5 um)
Y TOB5-6 | 12 Measurement | 23.2 £ 3.6
MC Prediction | 23.8 0.9

ICHEP 2010 - Paris - 22 July 2010 10/17 Steven Lowette - UCSB




ICHEP 2010 - Paris - 22 July 2010

Lorentz Angle

Lorentz Angle 6 for pixels and strips

* Lorentz force on drifting charges
> maximal in barrel: B perpendicular to E
> important effect on cluster position estimates
> direct impact on alignment

+ tan(6) measured with cosmics from minimum of

cluster width versus incident track angle

> BPIX: 0.409 + 0.001 (stat) ; MC: 0.407 + 0.001
> FPIX: 0.081 + 0.005 (stat); MC: 0.080 + 0.004
> TIB: 0.07 +0.02 (stat)
> TOB: 0.09 +0.01(stat)

- 0 correction for strips in deconvolution mode

> fraction of the charge does not reach
strips in time for readout

> reconstructed hit position is biased
> correction validated with alignment and
used in reconstruction
+ verification with collisions

2 same result in BPIX with cluster width method

WJI.
034
p+
n drift""'-.__l IE h
frack
CRAFTO09 %2/ ndf 77.66 /35

@
SR
T

[#5)
I|IIIIIII

N .
I|IIIIIII

—
(%]
T TT

F 6, =22.2° = 0.1°

Offset

1.046 + 0.009

RMS Constant 0.1665 + 0.0131
SlopelL
cotan(a)

min

SlopeR

2.268 = 0.014
-0.4071 = 0.0020
2.016+0.014

T I

transverse cluster size [pixels]
)%
o
I

-1

—
o[’

-0.5

> cross check with new "grazing angle” method: tan(6) = 0.399 + 0.001 (stat)

11/17
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0 0.5
cotan(a)
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Alignment

Track-based alignment algorithms » CMS 2008
o " 2 AL
* global method "Millipede IT 8 o4 E
> real module positions from residual minimization ° o e
2 matrix size reduction without loss of correlations € [ dt1 - DATA local meth. i
o ~ S S - DATA before align. -
or precision -> O(1075) global parameters = o2k \ N
> only a few iterations necessary N i
* local method "Hit and Impact Point (HIP)" 0.1 . .
> local solution for each module, so no correlations B T ]
> large number of iterations for large misalignment o 2 358 x%,nd"}
« fi i i :
final results from running both in sequence \npu’r to MC
+ first alignment campaign with cosmics
: : Data7TeV  MCstartup  MC
> tracks mostly vertical, best results in barrel Subdetector aﬂm]e Di':]] up misal_?:m]
> results already close to ideal geometry Pixel Barrel u 16 31 09
+ alignment update with collisions o - o b
> using high-quality tracks from minimum bias collisions ?Ii;e' Forward v ;? :g: g;
> further improvement, most pronounced in forward region TOB 75 111 75
TID 4 104 24
Alignment outlook TEC 101 21 29
RMS of median of residuals
* inclusion of beam halo, isolated muons, laser alignment data
* use mass constraints from resonances See poster by Jula Draeger
The Alignment of the CMS Silicon Tracker
12/17 Steven Lowette - UCSB
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Strips dE/dx

Particle identification using the strips

+ all strip readout channels were calibrated to uniform energy response using particles

energy loss estimation dE/dx allows particle mass estimation from good tracks
identification with the strip tracker with dE/dx > 5MeV/cm

CMS Preliminary 2010 : Y5 =7 TeV

3 10; e Do ";I ; @ 10° ErrTT T e e T
O - —— Fit to reference Da . 10 E . ® Data .
E 9 E_ Extrapolation _E E i K p Mimc ]
s 8F 1 s a0 L _
e - GE_\ OF, ¢ . 2 107k E
E - de T pt = _5104 £ - ]
= IF wih o 2557 0001 = = - .
w - m B 7
g 6F E I 10°F -
) e E - lack of deuterons 3
- " g in simulation! :

& 10° 10°F E

3F ; D 1

23 10 10 ;

i3 : 1 §

O: ' el ' 1 _ H|||||_
0051152253354455 0051152253354455

P [GeV/c] Mass [GeV/c?]
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Prompt Calibration

+ several measurements have become calibration tasks, run on data straight from CMS

> channel status, gain or response calibration, Lorentz angle, hit efficiency
* prompt reconstruction is delayed to be able to use these prompt calibration constants

Monitoring

+ efficient recording of excellent data with the tracker possible due to fast-feedback and
long-term monitoring of detector, DAQ and data quality
+ essential tool: Data Quality Monitoring (DQM)
> monitors the detector and reconstruction
performance online for prompt feedback
> used offline to look into details and
for data certification
> summary histograms, automated quality fests
> integrates in central CMS DQM
* some new features still being developed

SiStrip Report Summary Map

green corresponds|Sh
to a fraction >95%

Layer/Disc Number

=y L . - | - o w

> spy channel: read out raw, unprocessed data
of a subset of events dur‘ing normal data Taklng TEC- TEC+ TIB TID- TID+ TOB
> goldmine of possibilities for monitoring and debugging
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Operation, Calibration and Performance

of the CMS Silicon Tracker

Conclusions

* the CMS tracker is the largest silicon tracking detector ever
> > 98% operational detector fraction

* commissioning, calibration and alignment

> profited fully from cosmic ray campaigns in 2008-2009
> this lead to remarkably well understood detectors,
even before the first LHC collisions

+ collisions at 900GeV, 2.36TeV and 7TeV

> collision data used to further improve calibrations and alignment routinely
> efficient tracker operations and excellent performance confirmed
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Operation, Calibration and Performance

of the CMS Silicon Tracker

* foundations and building blocks of the CMS fracker were summarized

* but the excellence of the CMS tracker becomes really apparent in the
tracking, vertexing, b-tagging and in CMS physics analyses

* highly recommended:

> Boris Mangano: Performance of Track and Vertex Reconstruction and B-Tagging
Studies with CMS in pp Collisions at /s = 7 TelV
* in this session at 12h12

> Jula Draeger: The Alignment of the CMS Silicon Tracker
* in the poster session

> and the many other CMS contributions!
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Operation, Calibration and Performance

of the CMS Silicon Tracker
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Strip Sensors & Modules

Sensors
* p+ implants in n-type silicon bulk
n+ backplane for ohmic contact
+ 320um and 500um sensors
* strip pitch 83um - 205um
- * AC coupled readout
_.;;,'—:' * bias voltage: 300V

mmmnﬂmmu

lm“pﬂhiﬂ rﬂuhhn

Modules

* analog readout with APV25 chip: 128
channels x 192 cell pipeline
(4.8us latency for L1 trigger)
radiation tolerant 25um CMOS

* readout in peak and deconvolution modes

ont-End Hy .”d * data transfer via optical link

r“¢pw ||||||||||
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Pixel Sensors & Modules

Sensors
* n-on-n silicon, thikness
285um (BPIX), 270um (FPIX)
+ 150 x 100um pixels

* 4160 pixels bump-bonded to PSI46
readout chips (ROC)

* bias: 150V (BPIX), 300V (FPIX)

Modules
+ 16 or 8 ROCs / module (barrel)
+ 21 or 24 ROCs / module (endcaps)

* ROCs readout in series
~ ~Sensor * datatransfer via optical link

S %

SMD-Components — Powercable

‘E"““Basestrips

Steven Lowette - UCSB
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Strip DAQ System

READ-OUT

Analogue

Analogue
Optohybrid nalogue

Receiver
(ARx]12)

= L]

Distributed Patch
Patch Panel |
Panel (PP1)

Lxperimental Cavern: Kadiation Zone \ Counting Room

Digital

ccu Transceiver
Module (171 R

/ U

CCU Module

Module (_:CU : Contol

Processing

Module
AN
CCU
Module

Digital
Control "Ring" Optohybrid EREC/AUS

CONTROL

Steven Lowette - UCSB
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Pixel DAQ System

‘On Detector il ot
CEnii::l Ll:i)nllfsa Control Crate VME 9u [*2 Trigger/Timing/Control VME 6u
FPi
Pa:]xel 2 _O_ 1 TTCci
21 or 24 0 1 TTCex —
ROCs Tracker FEC 1LTC Bridge
Fixel FECs(4]8)
TBM pDOH .
I Linux CPU |
BPix Portcard Analog Optical Readout Crate VME 9u ['3
Module Readméi::)Links IIIIIIIIII Linux CPU I
8or16
AOH " > _
ROCs E AN ¢ E— —1 O 1l inux CPUI
: FEDs (8 | 16) | Local
Linux CPU| |PAQ
Central DAQ CPUs
HV LV LV Gb/s
gg*irr;r 5 Linux CPU I e-net
- £
Supply Readout Units l E Tux DOS
Builder Units 2
s [pvss cpu]
Filter Units
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Data Frames

Tek tun: 250M575% ":'JT![IIF

% 1000 CMS 2008 : e 864us
E | ~ ~
% 800 'H Digital header Tick mark | 11 pixel hIT}
|
[
{
600 MIP-like signal |

Analogue payload h
[ A
'

A00H |
Uk
200 | address
L 1| t |
| pulse
D Lo b v v b v b v v b b bl |[ he'lghi-
o 1 2 3 4 5 5 7 W40 B 7 EIEV g sep 2003
Time (us) g  roomv 40 0ns 18:24°11
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Operational Fraction Breakdown

Operational fractions

TIB/TID: 96.3% BPIX: 98.9%
TOB: 98.3% FPIX: 96.8%
TEC-: 99.1% Total pixels: 98.3%
TEC+: 98.8%

Total strips: 98.1%
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Strip Signal-to-Noise

S/N for all sTr'lp partitions - 7 TeV data - deconvolution

$ 22000

SEEARELEARAZEE REERN RS ReESH R ARE] SR Lass i i LARRYRARRL RARAY IRRRRNRERRD T T LRERE
£ 20000F = f E £ 100001 . B
n : . [l 3 0 C [ i
18000: CMS preliminary E ’J CMS limi E CMS limi
= 7 relimina 3 B relimina T
16000 Data - 2010 3 5 Data - 2010 8000~ r Data-2010
Wvs o SRR
12000- O 3 L1 :19.4 E 6000 r l| MPV: 23.9 .
10000/ . r 1 E - L| ]
8000 ] | 1 E a0 | .
6000 3 \ E - § :
ki ] 1 E - 1
4000~ = Y E 2000 | 1 S
2000 E / .y E L : ]
1l ] - = SR AT TR TIT v-==N OON O T
10 20 30 40 50 60 70 80 90 100 10720 30 40 50 60 70 80 90 100 U™30 20 30 40 50 60 70 80 90 100

Signal-To-Noise Signal-To-Noise Signal-To-Noise

@ 22000 e - @ 14000 T T T

- B ] ‘T - .

£ 20000 E £ - ]

W 18000[ & 4l 12000~ E

- CMS preliminary - - CMS preliminary -

16000 Data - 2010 = 10000 Data - 2010 .

14000F TIB 7 a TOB ]

10000F 3 . 1

- ; 6000 -

8000:— {J = L ]

60000 K 3 4000¢ -

4000- | s - :

2000 K\\ : 2000 -

P L I IR AT i e O PO PRI WRWIRE WS i

04072030 40 50 60 70 80 90 10C 056564050 60708090 100
Signal-To-Noise Signal-To-Noise
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Pixel Cluster Size

Pixel cluster size

+ good overall description by simulation
+ discrepancy for small cluster sizes < 4
> being further improved

= c I |S pIrlIelllr‘r‘Ilr\‘alr|y|2|0|1|0| I\j|_|_ |7 |-|-|e|VI I TT T T T T TTTT T T 1
g 50000:_ Pixel Barrel _:
5 —Mc ]
(&) L —. _
5 40000 +DATA .
— B i
(O] B |
-g i i
£ 30000 -
z i i
200001 —~
10000 -
_I ﬁ L 11 | L 11 | L 11 | L1 1 | L 11 | L1 1 | L 11 |

2 4 6 8 10 12 14 16 18 20
size
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Lorentz Angle

832 Entries 3380 (o AR R A -
- 3:_ Mean 01464 = L | %2/ ndf 21.35/17 .
B 2o B -
= 28E i ndf 7L11/76 g Sles bt
3 9 5:— p0 007968 = 01.00954 = [+ 900 GeV data, 3.8T + ]
UL pl 0.611= 0.043 8 80— — linear fit —
24% k p2 1479+ 0.030 | ° .
2.2_5H | | M S ok N
2ET TN } I LA =B ]
C | | || © L |
185 1T vl O 40 .
165 lm- | } il S :
1:45_ il { % ol . 0,,=21.4°+0.6° ]
L } CMS 2008 T CMS Preliminary 2009 1
C o LA IR AN EFUNINITE PRI AR
-0.6 _UI_4 _{]I_z (I] {]llz g.|4 0.6 0 0 50 100 150 200 250 300
tan(6) production depth [um]
+ minimal cluster size method for the strips » grazing angle method in BPIX
> one L4 TOB module shown 2 use tracks with shallow impact angle

2 for each pixel in cluster determine drift
distance from track

2 correlate with depth

2 averaging over many tracks

2 Lorentz angle is slope of linear fit
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CMS Preliminary 2010 : Data with s = 7 TeV

Number of Clusters
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— TOB
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030040050060
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CM3 Preliminary 2010 : Data with ys =7 TaV
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140F
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00200300400500600700800
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Beam Background

Beam background in pixels

* large tail observed in number of clusters in pixel detector (also to a lesser extent in strips)
* such events have large number of pixels/cluster in the barrel
> from longitudinally grazing tracks
*+ beam-gas trigger veto, or cuts on cluster shape track quality and vertexing efficiently
remove these background events

> at 11kHz with nominal bunches, overlap with physics rate of ~ 0.1%
* but the large event size leads to buffer overflows in the pixel FEDs at high frigger rates

> firmware modifications to deal with these events graciously

CMS prelir‘ninary 201? \J?=90|0 GeV | | CMS prelir‘ninary 201? \J?=90|0 GeV | |
9 [ T T T T T T T T T T T T T T T T T T T T T _] 9 [ T T T T T T T T T T T T T T T T T T T T T _]
S T Pixel S [ Pixel |
- ] -
& 10" e + data S 107 e, 1 data
= F L_tr—w Lo e = E *_}_;—L‘ h =
2 E r-)-)"}';::: t;j} o MC 2 : ?:LJ—H i:’_“ o MC
— -}_;_._:—0—« {—3—; . - L ;_‘:j—l:l
. . cleaning: beam-gas veto;’¢luster shaper 1
102 e g 102 | .
> .. Track quality, vertexang,... N E
i » ] i ]
10% = s = 10% = 5 =
e + J E > ]
- + ] - | ]
L + _ L _
10* = 10* T =
E | | | | ‘ | | | | ‘ | | | | | | | ; | | | | | |>—h—< | . E | | | | ‘ | | | | ‘ | | | | | | | i | | | | | | | | .
1 1.5 2 25 3 3.5 1 1.5 2 25 3 3.5
Logm(Number of Clusters) Logm(Number of Clusters)
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