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The CMS silicon tracker

— Pixel detectors

— Microstrip detectors

Hit reconstruction performances under LHC conditions

— Pixel efficiency vs occupancy

— Pixel resolution vs irradiation

Track reconstruction in high occupancy environment
— Track reconstruction steps
— Iterative tracking

— Algorithm optimization : gain in CPU time and efficiency

Conclusions
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100 % silicon tracker
» Pixel detectors close to interaction point
e Microstrip detectors in the outer parts

Largest silicon tracker ever built
e Radius : 110 cm / Length : 540 cm

e Barrel : 13 cylinders (3 pixels)
Endcaps : 14 disks (2 pixels) on each side

Reconstruction of charged S
particles tracks Iy ‘\
iz 600 H

e Measure charge and transverse * .,

momentum. rim | 22
Estimate the positions of |
interaction vertices using e \”
tracks informations o |
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The pixel detector

Pixel size : 100 x 150 pm?

Each Read Out Chip (ROC)
reads 80x52 pixels

Hit reconstruction

» Pixels with a charge above a
configurable threshold are considered.

* Adjacent pixels (sharing a side
or a corner) are grouped into clusters.

* Projected-clusters are obtained by projecting pixels ""‘w
charges onto local u and v perpendicular axis. N

First-Pass reconstruction Template-Based reconstruction
e Fast, used in track reconstruction e More accurate, used in track final fit

e Charge-weighted mean used to estimate | ¢ Projected distributions are compared with
u and v position, corrected in transverse templates obtained from simulation
direction to account for Lorentz drift e Account for aging, crossing angle
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9,3 millions microstrips bias ring . guard ring

in 15148 modules.

aluminium strip

wire bond bias resistor
Y//DC pad _AC pad

oxide
Characteristics adapted to the  (thin layers of

different regions : 510, and SiN,)
* Pitch : from 80 to 205 pm n"-ring _f’—f‘j——L'/Jj n

p -strips
 Thickness : 320 or 500 pm xRl

p+—implants below
bias and
guard ring
+
n -layer
aluminium backplane

+
p -implants below/
bias and guard ring

Hit reconstruction

 Signal is read by analogic chips (128 channels by chip) and send to an electronic table
e Channels with S/N > 2 are kept for hit reconstruction

» Selected microstrips are grouped into clusters.

 Position estimated by charge-weighted mean, corrected for Lorentz drift.

Stereo layers (2 in TIB, TIDs, and TOB and 3 in TECs) associate back to back
2 microstrip detectors with a relative 100 mrad angle, providing 2D resolution
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Tracker performances are impacted by instantaneous and integrated luminosity

CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Instantaneous luminosity

Higher occupancy could cause inefficiencies.

At maximum luminosity, average
number of « pile-up » vertices is ~ 25.

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Integrated luminosity

The level of radiation recieved over time
affect the performances of the sensors.
Especially for inner pixel layers.

\_—_—_IJ'_

Christophe Goetzmann TIPP Amsterdam — June 3, 2014 5



Hit efficiency : probability to reconstruct a hit when a charged particle crosses a sensor

/s =8 TeV CMS Preliminary 2012 fs =8 TeV
B‘ 101 _I L | T T 1T ‘ T T 1T T T 17T T 177 T 17 T T I_ '/q-;.. 22 -, T T T T T T T T T T T T T T T T T I_
S | CMS preliminary 2012 ] X e R R .
D 100l v ] T 215f e
E 1.00- > - .
2 s b ?
£ 0.9} S F ttree...., ]
E S 205] e ]
ol Particle fluxin 2 T t e
) . ] s = 20
= *] pixel layer 1 : z « Layer1 ]
_ i Q E ey " B
0.97 ;J[ ~ 30 M/s/cm? 1951 a o tayeri -
-« Layert - F ‘e, « Layer3 -
- Layer2 1 At max 2012 rof ‘.. s 3
-+ layer3 rm o 1 ] . . C . . ]
0.9~ oY Pixels ] lum1n051ty - Pixels ‘e ]
* Disk 2 ] 18.5¢ By
1000 2000 3000 4000 5000 6000 7000 2000 3000 4000 5000 6000
Instantaneous Luminosity [ub™'s] Inst Luminosity (x10*°cm2s-)
* Increase temperature in ROCs : charge gain is lowered (right plot)
High occupancy

e Higher probability of ROCs buffer overflow
» Higher probability of charged particles flipping bits in electronics

_— -
Christophe Goetzmann TIPP Amsterdam — June 3, 2014 6

impact on efficiency




Pixel thresholds increase with integrated luminosity, reducing cluster size and affecting
resolutions. Recalibrations are performed during LHC technical stops.

Pixel thresholds measured with charge injection 15 CMS Preliminary 2012, s = 8 TeV, Pixel Barrel Layer 2
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

-
-
-
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

* Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

* Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

» Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
Resolve possible ambiguities : keep only one track

Christophe Goetzmann TIPP Amsterdam — June 3, 2014



Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

» Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
Resolve possible ambiguities : keep only one track
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

e Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

» Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
Resolve possible ambiguities : keep only one track
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

* Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
Resolve possible ambiguities : keep only one track
e Track final fit
Estimation track parameters out of all the associated hits
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

* Seed generation

First estimation of track parameters from minimal
number of hits (3 hits, or 2 hits and a vertex constraint)

* Track finding (Kalman filter)
Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer
Resolve possible ambiguities : keep only one track
e Track final fit
Estimation track parameters out of all the associated hits
e Track selection
Discard fake tracks by applying quality requirements
ex : normalized y?, number of layers with good hits...
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Track reconstruction

Track reconstruction is challenging due to a large number of hits per event

Tracking algorithm is composed of 4 steps :

----------
-
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e Seed generation

First estimation of track parameters from minimal ‘.
number of hits (3 hits, or 2 hits and a vertex constraint) \
* Track finding (Kalman filter)

Propagate seed through tracker (inside-out propagation)
Look for compatible hits, layer by layer

Resolve possible ambiguities : keep only one track
e Track final fit

Estimation track parameters out of all the associated hits K
e Track selection

Discard fake tracks by applying quality requirements ) g
ex : normalized y?, number of layers with good hits...

-
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Iterative tracking

The tracking algorithm is run in several successive iterations

Each iteration is defined by the configuration of seed generation

e Once an iteration is over, all hits affected to a track are removed from the hit collection

Next iteration is then launched, on a reduced number of hits

#step seed type seed subdetectors Pj‘?‘i“ |GeV/e] dp cut 2o cut

0 triplet pixel 0.6 0.02cm 4.00

1 triplet pixel 0.2 0.02cm 4.00

2 pair pixel 0.6 0.015cm 0.09cm
3 triplet pixel 0.3 1.5cm 2.50

4 triplet pixel/TIB/TID/TEC 0.5-0.6 1.5cm 10.0cm
5 pair TIB/TID/TEC 0.6 2.0cm 10.0cm
6 pair TOB/TEC 0.6 2.0cm 30.0cm

Characteristics of the different iterations after spring 2012 improvements campaign.

ﬁ_—_—_l"_
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Iterative tracking

Fully configurable software : optimize iterative tracking for high luminosity
#step seed type seed subdetectors PR [GeV/e] dycut  z cut
0 triplet pixel 0.8 0.2cm  3.00
1 pair pixel/TEC 0.6 0.05cm  0.6cm
2 triplet pixel 0.075 0.2cm 330
3 triplet pixel/TIB/TID/TEC  0.25-0.35 2.0em  10.0cm Reconstruction Time @ 30 PU
4 pair TIB/TID/TEC 0.5 20em  12.0em
5 pair TOB/TEC 0.6 6.0cm  30.0cm .
Tracking
Baseline configuration Conversion
Primary Vtx Il Baseline
+ M Fall 11 campaign
Nucl. Inter.
. - Monte Carlo QCD
#step  seed type  seed subdetectors PP [GeV/e]  dy cut 2o cut PF links Q
0 triplet pixel 0.6 0.03cmm 4.00 0 6 12 18 24 30
1 triplet pixel 0.2 0.03cm  4.00 i
2 pair pixel 0.6 0.01cm  0.09cm Time per event (a.u.)
3 triplet pixel 0.2 1.0cm  4.00
4 triplet pixel/TIB/TID/TEC 0.35-0.5 2.0cm 10.0 cm L P
5 pair TIB/TID/TEC 0.6 20cm  10.0cm .AF 30.plle. up,
6 pair TOB/TEC 0.6 20cm  30.0cm opt]mlzatlon 1mmproves
. tracking CPU time
Fall 2011 improvements 5
by a factor 2.5

ﬁ_—_—_l"_
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Iterative tracking

New iterations can be added to improve efficiency. Here 2 new iterations for muons :

a 7\ I ‘ TTTT ‘ TTTT ‘ FTTT ‘ ITTT ‘ ITTT ‘ TTTT ‘ TTTT ‘ ITTT | T \7
Do - - -
0.98. - _
0.96 —
0.94 . 2012 Tracking|-
_ CMS Preliminary e 12 Iteration |
092 (s=8TeV,L=049fp" | "= 00N
0 97\ L1 ‘ Ll ‘ L1l ‘ L1l ‘ L1 ‘ Ll ‘ [ | ‘ [ ‘ L1l | L1 \7

’ 2 -15 -1 05 0 05 1 15 2

Efficiency estimated via Tag and probe
method : use muons chambers to select

muon m

muons from Z°to pp events

 Qutside-In tracking : seeds from muon chambers
e Inside-Out tracking : to re-reconstruct tracks

tagged as muons, with looser requirements
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Efficiency
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Conclusions and Perspectives

e LHC run 1 lasted from 2010 to 2013

e The CMS tracker has maintained satisfaying performances through
7 TeV and 8 TeV proton-proton collisions

* Robustness up to an average value of 25 pile-up vertices per event

e Luminosity will still increase : future upgrades

— Phase 1 (2017) : new pixel detector with 4 barrels and 3 disks.

— Phase 2 (2022) : entirely new tracker. Conception still ongoing.
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Hit efficiency : probability to reconstruct a hit when a charged particle cross a sensor

Measured for each layer using well reconstructed tracks with hits
on previous and next layer

1 05, CMS Vs=7TeV CMS Vs =7TeV
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3 3 ) ] ® Measured hit position
Hit resolutions are measured from residuals : differences P

between expected hit position (from track fit), and measured
hit position (from hit reconstruction) on a given layer.

® Estimated hit position

Track

x10° |
[ Track P, > 12 GeV -

CMS Preliminary 2012, {s = 8 TeV, Pixel Barrel Layer 2

Triplet Residuals

0]
o

B Student-t function fit
TO[E :
o o, =11.8 um

Number of Hits / 3 um

60f
s0f
aof
3of
20f

10F

afis:

00

50 0

50

Pixel, barrel, layer 2 :
* 9.4 ym in ro (transverse plan)
e 20to 46 pm in z

Microstrip, barrel :
* 10to 42 pm in ro
e Resolution in z, from stereo layers,

Typical residuals distribution
obtained from a 8 TeV run
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Hit resolutions

Pixel hit resolutions depends on the crossing angle of the incoming charged particle

———-———————————-——J.
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Track reconstruction

Five parameter are needed to describe a track. A possible set is :

Yy —

d,: Transverse impact parameter (signed) troctery

z,: Longitudinal impact parameter

¢ : track direction in transverse plane

cotf : angle between track and beam line o

p,: transverse impulsion

*——_——_J_
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Iterative tracking

Each iteration enables the reconstruction of tracks produced
in different region of the tracker

’ CMS Simulation Ns=7TeV
>‘ T T 171 T T 11 T T 171 T T 171 T T T 1 T T T]
2 | | | | ] #step  seed type  seed subdetectors
20.9 I [t i =
3] eration 0 1 R o
= I + lteration 1 J 0 triplet pixel
wo.8 Il + Iteration 27 1 pair pixel/TEC
[+ Iteration 3 1 X .
0.7 I + Iteration 43 2 t.1%plet p%:\el .
[+ Iteration 5 3 triplet pixel/TIB/TID/TEC
0.6 4 pair TIB/TID/TEC
0.5 5 pair TOB/TEC

Contribution of the different iterations
to tracking efficiency
wrt the radius of track origin

Results are shown for a previous algorithm

T T T T T N T I B Conf|gurat|0n (before fa” 2011)
0 10 20 30 40 éo ?0
Radius (cm
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Iterative tracking

Once an iteration is over, hits associated to high quality tracks are masked, and the next
iteration is run on a reduced number of hits.

—

o
o

o
fo)

y

fraction of unmasked hits

o
n

C:MS Pre:liminary:f Simula:tion — PXB1
- —TIB1

Vs = 8 TeV, tt + <PU>=20 :

O
no

| | | | | |
0 iterQ iter1 iter2 iter3 iterd iterS iter6
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Iterative tracking

The CPU time needed for each iteration is strongly pile-up dependent.
§ B | | | | |
N yo[.. CMS Preliminary Simulation ..., 7]
> L - ' ' _
o ¥s =8 TeV, tt+PU ; ; i
© ol <PU>=20 ... S o .
g -  <PU>=40 i i 1 #step seed type seed subdetectors Pp[GeV/e) dycut 2 cut
- r E i 0 triplet  pixel 0.6 0.02cm  4.00
E 8 __ ........ -— <PU>=60 .................................................... : ...................... : ................. __ 1 triplet pi_xel 02 0.02 o 400
= - E R 2 pair pixel 0.6 0.015¢cm  0.09cm
5 I ] 3 friplet  pixel 0.3 Lsem  2.50
E 4 triplet  pixel/TIB/TID/TEC 0.5-0.6 L5cm  10.0cm
i P : I 15 pair TIB/TID/TEC 0.6 20cm  10.0cm
4 :-----:-------I ...................... 5-__-__ ........................................ — 6 [)‘,]i[‘ TOB/TEC 0'6 QAUCI]_]. 30.0(:]]]
2 __ ................. LN N __ Sprlng 2012
P e — anininnirrae b | 1 1 1
- S— _ e S § tracking configuration
| | Jrm— o 1 I
iter0 iter1 iter2 iter3 iterd iterb iter6
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Tracking improvements

2011 improvements campaign :
 [terative tracking

Photon conversions
Primary vertices CPU Time in QCD events

D
o

Nuclear interactions

©O Baseline
O Fall 11 campaign

Particle Flow links

w
o

Time per event (a.u.)
- )
o o

0 7.5 15 22.5 30

Number of PU interactions

_ =
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Tracking efficiency

Efficiency from Monte-Carlo studies

A track is considered as efficiently reconstructed if 75 % of its hits come from the
same generated charged particle. Otherwise it is considered as a « fake track »

2 types of Monte-Carlo events are used :

 Single particle events : only one isolated muon, electron or pion

* High occupancy events : tf events, with or without pile-up vertices

Efficiency from data

The information from muon chambers are used
to select Z° to pp events. Efficiency are then
estimated with a « Tag and Probe » method.

Efficiency is the probability that the second
muon was well reconstructed in tracker.

Probe muon,
reconstructed in <
muon detectors

Tag muon,

reconstructed in

~._muon detectors
. and tracker

Tag and Probe methode with Z° to pu events
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Tracking efficiency

Efficiencies from Monte Carlo : tt events with and without pile-up (7 TeV conditions)

CMS Simulation Vs =7 TeV

h 1 TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT TTTT CMS SimUIation E = 7 Tev
o F ] > T T :
c - ] - R
20.95¢ : & 0.9 yEEnnne
— - ] [T n =y
0.85" e Yoot . without pile
) . = 0.7 - - = o without pileup
0.8- - 0.6 a = with pileup
- 3 EDo
0.75[ ] 0.54
0.7F 0.4f-5
0.658 - 0.3F="
u . : - .
0.6 o without pileup ? 0.2F
- with pileu . -
0.55 = WEAPTEER - 0.1
0. :I 111 1111 1111 1111 i 1111 i 1111 i 1111 i 1111 i 1111 111 |: 0: .
-5.5 2 15 -1 05 0 05 1 15 2 25 10" 1 10 102
n p, (GeV)

Number of pileup vertices is randomly generated from a Poisson distribution peaking at 8.

—
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Tracking efficiency

Efficiency from Monte Carlo : isolated muons and pions

_EIMISI§I“IT“IJIIIa‘ItI(I)'I1I TTTTTTTTTTTITTTTTITTTTTTITITTITI] CMS SimUIation

5 L B 5 [TTTTTTTTTTTTTTTTTTITTTTITT T T TTTT I TTTTITTTTTTTI]
L R e e e e c 1 :
o | ] 3
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L o I, p.=1GeV g
C A ].L,pT=10GeV ]
0.7 = K, p,=100GeV
0.6 ,
B Muons i
0.§_g|||2||||1I5III1llll(]|é.)|||0|||(|)5||||1lll1l5||||2|||2|_5 o I T e e A v v I A A |
I L - - i 35 2 15 1 05 0 05 1 15 2 ﬁs

Efficiency as a function of the pseudo-rapidity n.
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Tracking efficiency

Efficiency from 2011 data : estimated from muons

Tag and probe method : use muons chambers to select muons from Z° to pp events.

CMS {s=7TeV

a\ _III|IIII TTTT TTTT TTTT TTTT IIII|IIII|IIII|III_ >‘1 CIM||S| ||| |||i§||=|?|l-|r|elvl
c | : e [ i
g 4 2 4
o I S9000%00 . agetten, ’ g |
= Ca = - g ]
= ++¥" Y % w e nopT >
¢ ¢ -
0.995|| e 0.995[- /
. gg: ] i Pixel occupancy i
99 ] 099~ dependence not simulated
I i i in Monte Carlo ]
0.985- e Data, 2011 - 0.985- _eData, 2011 -
: || simulation : : || Simulation ]
0'98_|||||||||||||||||||||||||||||||||||||||||||||||_ 0'98__'||||||||||||||||||||||||||||||||||||||_|_
-2-15-1-050 05 1 15 2 2 4 6 8 10 12 14 16 18 20
muon N(primary vertices)

Robust tracking efficiency under 2011 pile-up conditions
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Track resolutions

Resolutions from Monte Carlo : isolated muons and pions

Obtained by comparing generated and reconstructed track parameters.

CMS Simulation CMS Simulation
E‘ TTTT TTTT IIII!IIII!IIII!IIII!IIII!IIII TTTT TTTT E TTTT TTTT ||II!IIII!IIII!IIII!IIII!IIII TTTT TTTT
5103 e up, =16GeV 5103 e m,p, =1GeV
ol s W p,=10GeV o s 7 p, =10 GeV
g ® U, p_=100 GeV Wo's g Se) T, pT=1OOGeV P
c "% T d c 0
2 " e
5 =
;
o)
=102 =102

" ~10 pm
for 100 GeV
10 particles
-2.IIII-2II-II1.5III-1IILI .IIII()III(I).ISIII1III1I.II5III2III2I.5 -2.g||-2||-”1.§||-1lll-b.élIOII|6.|5|||1III1|.|5|||2||:?].5
n

Resolutions in transverse impact parameter as a function of n. Obtained from half-width of an
interval containing 68 % (solid symbols) and 90 % (open symols of residuals distribution
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Track resolutions

Resolutions from Monte Carlo : tt events with pile-up

CMS Simulation Vs =7 TeV 102 CMS Simulation {s=7TeV
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