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CMS Phase & Tracker Upgrade
Main objectives for High-Luminosity LHC (HL-LHC) Upgrade (PhlII)

* CERN Accelerator complex will be upgraded during long shutdown 3 (LS3) to increase instantaneous
luminosity of the LHC by a factor of 5 to 5x1034 cm-2s-1
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* CMS plans to replace the current tracker during the last LHC shut-down before HL-LHC

* Technical Design Report approved in December 2017
* This talk will
* describe the challenging operating conditions expected at the HL-LHC
* describe the new proposed layout
* describe the pT module concept used in the Outer Tracker [OT]
* highlight a few recent developments in the R&D program for the OT
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* CMS plans to replace the current tracker during the last LHC shut-down before HL-LHC operation to
achieve :

* increased radiation resistance
* fast and efficient track finding which contributes to the Level-1 trigger decision

* an increased channel granularity to maintain a high reconstruction efficiency at the increased pile-up
conditions ( 200 pile-up )

* reduced material budget and extended tracking acceptance

* improved two-track separation to resolve tracks in high pT jets =



CMS Phase & Tracker Upgrade
Radiation Environment PhIl CMS [ Simulations, FLUKA 3.7.20, 3000 fb-!]

* Expected radiation levels within CMS [fluence/total ionizing dose] from FLUKA simulations at 7
TeV and after 3000 fb-1 of proton-proton collisions :
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* Tracker must work efficiently up-to 3000 fb-!
* Maximum levels for inner tracker :120 MGy [1.2 Grad] , 2.3 x 1016 neg/cm?
* can be extracted during shutdowns to extract degraded parts

* Maximum levels for outer tracker : 560 kGy [ 56 Mrad] , 9.6 x 1014 neg/cm?

* believe we have about 50% margin



CMS Phase 2 Tracker Upgrade
Levell (L1) Triggering at the HL-LHC

* Two level trigger system currently implemented in CMS

* Level 1 (L1) hardware trigger using information from calorimeters and muon detectors [design
specification : 100 kHz, latency of 3.2 us |

* High Level Trigger (HLT) software trigger including information from the tracker

* Increase in luminosity will lead to increased production rates and pile-up [ 53 at the highest
instantaneous luminosity reached in 2016 — 200 at HL-LHC ] which poses a challenge for the current
L1 trigger system. Therefore upgrade of the L1 system also expected for HL-LHC

* target specification for L1 trigger for HL-LHC 1s 750 kHz and a latency of 12 pus

* include tracker information to improve L1 trigger performance
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CMS Phase 2 Tracker Upgrade
Levell (L1) Triggering at the HL-LHC W

 All tracker data cannot be read out at bunch crossing frequency (40 MHz) therefore a reduction in
the amount of data on the module used for L1 tracking is required which has led to the pT module

concept :
) Stub selection
* module sensing element made up of two sensors separated by
a few mm along the track direction A f pass ? Fail
* correlating clusters in the two sensor layers allows ﬂ /
. .. . . Upper sensor
discrimination between high and low pT momentum 1-2mm o
tracks ( charged particles bend in CMS’s 3.8T field) [' [TTHT] [ TTTTTT]4~200pum
* stubs [high pT tracks] can then be transmitted off module ~100 um Lower sensor
to the L1 track finding system at 40 MHz > O

* tracks are combined in the L1 trigger system with
calorimeter and muon information

stubs arrive at DTC
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Tracker Layout : Increased acceptance and higher channel count

* CMS Phasell Tracker constructed from four types of modules and has an acceptance of Inl ~ 4
* Inner Tracker [radius < 15 cm] 4.9 m?2 and 2x10° pixels

* Quter Tracker [radius > 15 cm] 192m? , 4.2x106 strips, 1.7x108 macro-pixels
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Current tracker :
reduced material budget by :
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, improved routing of services
1 m? of pixels [66M channels] 210 m2
of strips [9.3 M channels] light module assembly
8 module types for pixels, 27 module tilted section in the tracker barrel

types for strips
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Outer Tracker Layout : Outer tracker modules

* CMS Phasell Outer Tracker constructed from two types of modules and has an acceptance of Inl ~ 3

* Two types of pT modules : strip-strip [2S] and macro-pixel strip [PS]
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CMS Phase & Tracker Upgrade
Outer tracker modules : Strip-Strip [2S] Modules - 1.8 mm and 4.0 mm

* 10 cm x10 cm

* 2 sensors (top and bottom) each with 2 rows (left and right) of 5 cm long strips

* 90 pum pitch

* 4064 channels per module
2S Module : r > 40 cm

Strip (5 cm x 90 ym) - Strip (5 cm x 90 ym)
silicon

/ strips

variants differ in Al-Cf spacers and front-end\
connection tabs between readout and hybrid
service hybrids

Front-end hybrid

Readout chips \

(CBC, i) \ service \ - CBC

hybrid
CIC

Service hybrid < Top sensor
Power + data transmission / AI-CF spacers
~N
AC//FRP support
sensor

HV & temperature tabs HV isolators



CMS Phase 2 Tracker Upgrade
Outer tracker modules : Macro Pixel-Strip [PS] Modules - 1.6 mm, 2.6 mm and 4.0 mm

* Scm x10 cm
* 2 sensors (top and bottom) :
* top sensor with 2 rows of 2.3 cm long strips
* bottom sensor with 1467 ym long macro pixels
* 100 zm pitch
variants differ in Al-Cf spacers and

connection tabs between readout and
service hybrids

Opto hybrid

Front-end hybrid
Readout chips
(SSA, CIC)

P Temperature
\\/ sensor

Pixel chips
S (MPA

. AI-CF spacers

CFRP support

CF baseplate sensor
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Sensors for Outer Tracker Modules

In total three types of sensors used in the outer tracker :
* 5 cm strips for the 2S modules
* 2.3 cm strips for the PS modules

* 1467 ym macro-pixels for the PS modules

Decided on n-in-p type sensors, 200 ym active thickness (240 ym under study) from 6* wafers

Final decision on material and isolation technique still on-going

Nominal bias of 600 V - possible to increase to 800V

2 x fluence of 2S sensors 1.5 x fluence of PS sensors
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ASICs for Outer Tracker modules : Strip-Strip [2S] Modules Read-out

-

Va

12

* CMS Binary Chip (CBC) in 130 nm CMOS

. fied bi d 2S Module : r>40cm
Unsparsified binary readout Strip (5 cm x 90 ym) - Strip (5 cm x 90 ym)

* Provides stub data at 40 MHz and read-out data at 750 kHz front-end—__ ilicon
hybrid strips

* even/odd channels on chip used to read-out top/bottom strips
* data combined to select hit pT tracks (stubs)

* communication across the chip boundaries to form stubs

service \ :

* full stub information sent off the chip on 5 dedicated lines at hybrid
320 MHz CIC

* expect 1000 e- noise

20 ns peaking time, 50 ns return to baseline

CBC

Kapton

HV isolator Spacer Spacer

Strip sensor gy Flexible
hybrid




CMS Phase 2 Tracker Upgrade N
ASICs for Outer Tracker modules : Macro Pixel-Strip [PS] Modules Read-out

* 65 nm CMOS technology Underil PS front-end hybrid

1/2 PS-s sensor

« Zero-suppressed binary readout

MPA

[ ]
Al-CF spacer 1.6t0o4 mm |

1/2 PS-p sensor

Short Strip ASIC (SSA) readout for strip sensor data

* expected noise 700 e-

Macro-pixel ASIC (MPA) readout for macro-pixel sensor data
* expected noise 200 e-

* receives SSA trigger data and produces stubs

MAPSA Light

* 1nitial prototype using small prototype versions of the MPA

* see K. Nash'’s talk in tomorrow’s morning session
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Recent Developments in Outer Tracker R&D :ASICs

* Third prototype (CBC3) with full functionality delivered in late 2016 and tested/qualified in 2017
* See K.Urchida’s talk at HSTD11

 Radiation tests performed in first half of 2017 show improved radiation resistance compared to
earlier version

Estimated number of errors in I12C registers at x3 HL-LHC fluence for innermost 2S modules

£T2C bits $Lir # bit flips OSEU ERHL.LHC
version [cm-2s-1] [LIF] [x 10-11 cm-2] [bit flips/h]

2640 2.2E+08 0.36 £0.07 0.27 = 0.05 0.069 +0.013

2 2456 2.5E+08 28+0.5 19+0.3 0.47 +£0.084

error rates estimated using data from SEU test using

. . a B
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module due to leakage in CBC3 expected to be < 2% % f : ] 20
= . i

10 10" 100 10

Dose Rate [kGy/h]

p—

S
w
[\8)

14


https://indico.cern.ch/event/577879/contributions/2740335/
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CMS Phase 2 Tracker Upgrade
Recent Developments in Outer Tracker R&D :ASICs

* Third prototype (CBC3) with full functionality delivered in late 2016 and tested/qualified in 2017

* Radiation tests performed in first half of 2017 show improved radiation resistance compared to
earlier version

* Data collected with first prototype mini-module with x2 CBCs at the FNAL test beam facility

Preliminary Results From FNAL TB

Differentiating fraction of detected hits/event for : Stub Turn-on Curves for different correlation windows
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CMS Phase 2 Tracker Upgrade
Recent Developments in Outer Tracker R&D :ASICs

* Third prototype (CBC3) with full functionality delivered in late 2016 and tested/qualified in 2017

* Radiation tests performed in first half of 2017 show improved radiation resistance compared to
earlier version

* Data collected with first prototype mini-module with x2 CBCs at the FNAL test beam facility
* MPA and SSA ASIC submission completed in 2017
* Delivery of single die wire-bonded PCBs to CERN January 2018
* Preliminary results encouraging ; chips have passed :
* power-up and chip reset tests
* power consumption measurements
* Input/output communication tests
* analogue front-end counting tests

* digital functionality counting tests
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ASICs for Outer Tracker modules : Concentrator

* 65 nm CMOS technology
* Concentrator Integrated Circuit [CIC]

* Aggregates and sparsifies data from 8CBCs and SMPAs

2S Module : r>40cm
Strip (5 cm x 90 pym) - Strip (5 cm x 90 ym)

ilicon
/sstrips

front-end
hybrid -

service \ -

hybrid CBC

CIC

* Passes data to serializer/deserializer ASIC on service hybrid (IpGBT)

* Under design, submission scheduled for this year.
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Front-End Hybrids for Outer tracker modules

* Front-end hybrids wire-bonded to sensors and flip-chip bonded to ASICs
* High line density, 42 ym track width and space, 50 ym vias
* Four layer flexible printed circuit boards folded tightly around a carbon fibre stiffener

* key to the pT module concept since it enables on-module stub finding

1/2 strip sensor

18o0r4 mmI

1/2 strip sensor

Underfill PS front-end hybrid

k 8xSSA 1/2 PS-s sensor
CE——

MPA

lllllllllllll

L |
Al-CF spacer 1.sto4mm'

ciC ‘] _ 1 P sensor
Underfill

* Market survey closed 2016 ; 3 consortia of PCB manufacturers and assemblers identified
* Working prototypes for 2S variant produces and used in module prototyping

* full-size modules built using earlier prototypes of the CBC [CBC2]
* Mock-ups for PS variant produced
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Conclusions

* The Phase2 tracker upgrade is a crucial element of the CMS upgrade program which will
* provide valuable input to the L1 trigger decision
* maintain excellent tracking and physics performance even in scenarios with 200 pileup events

* enable the CMS collaboration to pursue a broad and competitive physics programme during the next
decade

* Developments for pT modules (2S/PS) modules are well underway
* all concepts of CMS Outer tracker validated
* need to ramp-up prototyping and focus on production

* DAQ and BE developments for OT also ongoing (not covered here)



Back-Up Material
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Tracker Layout : Reduced material budget

* CMS Phasell Tracker constructed from four types of modules and has an acceptance of Inl ~ 4
* Inner Tracker [radius < 15 cm] 4.9 m?2 and 2x10° pixels

* Quter Tracker [radius > 15 cm] 192m? , 4.2x106 strips, 1.7x108 macro-pixels

Phase I Tracker : standard CMS SW Phase II Tracker : tkLLayout
o [ o [
>< 1 .6 — Phase-1 Tracker - In front of IT sensors >< 1 .6 — Phase-2 Tracker - In front of IT sensors
S~ = CMS Simulation =~ ~ CMS Simulation
>< Inside IT tracking volume >< Inside IT tracking volume
1 '4 - Between IT and OT 1 '4 - Between IT and OT
1 2 - Inside OT tracking volume 1 2 - Inside OT tracking volume

1
0.8
0.6

llll]l]llllll]ll]ll]ll

IIIIIIIIIlIIIIlIIlIIIIII

0.4

0.2

0.2
0 HIJJ—HIIAA-J—M_A_A_A_LA_A_A_g O

0 05 1 15 2 25 3 3.5|4 0 05 1 15 2 25 3 3.5|T
n n

improved routing of services

light module assembly

tilted section in the tracker barrel




CMS Phase 2 Tracker Upgrade
Outer Tracker Layout : Robust L1 tracking and vertexing

Average number of layers

CMS Phasell Outer Tracker constructed from two types of modules and has an acceptance of Inl ~ 3
* Two types of pT modules : strip-strip [2S] and macro-pixel strip [PS]
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Outer Tracker Layout : Tilted Barrel

'/é

CMS Phasell Outer Tracker constructed from two types of modules and has an acceptance of Iyl ~ 3

Two types of pT modules : strip-strip [2S] and macro-pixel strip [PS]
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Outer Tracker Layout : Outer tracker modules

CMS Phasell Outer Tracker constructed from two types of modules and has an acceptance of Iyl ~ 3
* Two types of pT modules : strip-strip [2S] and macro-pixel strip [PS]
* pT discrimination depends on sensor spacing and acceptance window
* acceptance window (width and position) programmable on module

* five values of sensor spacing to be used in module construction
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400 < el v 5l“4 ;::.4 ) Ny 40mm M - %§ ack numbpers:
— 3. i
2003 CRUpE I M B 2 F ’ ' acceptance windows
— 4.0
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and variant per variant || per type
,g 1.8mm 0| 4464 | 2792 7256 ~680
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PS 26mm || 1462 0 0 1462 5616
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Total 2872 | 4464 | 5960 13296
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Outer Tracker Layout : Outer tracker modules

'/é

* CMS Phasell Outer Tracker constructed from two types of modules and has an acceptance of Inl ~ 3
* Two types of pT modules : strip-strip [2S] and macro-pixel strip [PS]
* pT discrimination depends on sensor spacing and acceptance window
* acceptance window (width and position) programmable on module

* five values of sensor spacing to be used in module construction
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Hit Simulation and Performance

« Simulation of charge creation and migration in sensors with CMSSW + Geant4

« Simulation of electronics (threshold, noise, cross talk) = digitized hit = input for tracking
» Electronics parameters derived from test beam (2S modules) or specifications (PS, pixel)
» Occupancies can be simulated: %-level for OT strips, %o-level for pixels and macro-pixels
 High simulated hit efficiencies

» Cluster properties (size, residuals) also studied
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Hit Simulation and Performance

* For 200 pileup events, tracker is traversed by ~6000 charged particles

» lterative procedure with 8 tracking iterations, using different seeding configurations
* In each step: seeding, track finding, track fitting, track selection

 High efficiency in muon and ttbar events, low fake rate

* Improved two-track separation in high-p jets

» Optimization ongoing, active R&D in many directions
(further dedicated iterations, use of vector hits, tracking on GPUs, ...)

CMS Phase-2 Simulation 14Tev o~ CMSPhase-2 Simulation 14 TeV 4CMS Simulation
> TTYTYTYTTTITTYTITYTYIIITTTYIIITYTIYIIY'TI -— _l I _ L >\ Y 1! "I : H UL T I h‘
3 1 S ‘ ; ; ; ; ) ——<PU>=140 i ] LC) L
8 . 1 . I | === <PU> =200 1 o
— . — ‘ o) go 12; ; s l -5
O » - ~ A2 Tracks fromfevents ] =
% 0. 8tet A | A 90% . © I ~ p,>09GeV : %
el [ g) 0 [ S S N SR S 4 o
2 06 S =
rJhil N S S S R 1 8008 S
o — [t ©
s =006 -
04+ ' , - .| 0.06:- """"""" — L £ 5 ; i
+ —— <PU> = 140 A H | , 7] | 1111 e Phase-1 tracker H
‘ ] o q i &9 N0/ bbb e SIS U 3 S T S S S 258 21
0.2f Tracks from & events i - ; polo,. | b 2% | 0'2— BRI ‘ REERE
I | 0.02= — e R QCD jets, no PU P :
i p,>09GeV,|d|<3.5cm { TR S g, S ?"'gp‘sﬁp, 1 S o 3Tevs< p<35Tev. = §
L 4 ® : 5 o : P | Pl R
01Lxxxl11111111111111111111111111111111111 Om"l W N ST PR M 0 Lol — il T
4 -3 -2 1.0 1 2 3 4 4 -3 -2 10 1 2 3 4 10°2 10~ 1
Simulated trackn Reconstructed trackn AR
Katia Klein o

K.Klein’s Overview of The Phase-2 Upgrade of the CMS Tracker



CMS Phase 2 Tracker Upgrade
Service Hybrids for Outer Tracker Module

_8

* Service hybrids provide low and high voltage , data aggregation, optical-electrical conversion :
* 2 step DC-DC conversion powering scheme : CERN bPOL12V bPOL2V5 buck converters

* LpGBT serializer/deserializer aggregates data from front-end ASICs and implements slow control
functionality

* VTRx+ for optical-electrical conversion and optical data transmission

2S Service Hybrid (top) 2S Service Hybrid (bottom)

Connection  yTRx+ LpGBT Input voltage Shield; DC-DC Fold-over Bias voltage  Kapton flex
to FE hybrid connector converters underneath circuit tails for bias

* All chips are still under development

« 2S prototypes made using early/existing prototypes of ASICs



CMS Phase & Tracker Upgrade

Service Hybrids for Outer Tracker Module : Demonstrating Power

* Service hybrids provide low and high voltage , data aggregation, optical-electrical conversion :

* 2S prototypes made using early/existing prototypes of ASICs , most recent version under development :
* FEAST2 & Commercial DC-DC converters replacing POL12V bPOL2VS5 buck converters
* GBTx+SCA replacing LpGBT

* Connector for VTRx present

Measured Noise using different powering schemes
Full Size 2S Module + Service Hybrid

Arranged as final module Front-end hybrid 1 Front-end hybrid 2
1100}
—e— Direct powering
—e— Service hybrid powering
1000}
8 900} H * }
- \ * pot
: by it }
Z goo} t H |
700t
S o~ A% m b 6 6 A & 5 O &N A B> s 9
[N A AN S SN S A FAN AN SN S SR L G A Ph
& EF & E&FEEFEEE YL LS

most recent version under development can read data from 1CBC/ I1CBC per side (full size
<9 module w/ 8CBCs )




Back-End Schematic

30

* Cartoon schematic of back-end for OT

2S modules
] 1
1
FE hybrid FE hybrid
L R
L | cBc CBC
L! cic cic
Service hybrid :}
DC-DC

FE ; BE

LV/HV PS

L1 track-finding

Pattern recognition
Track fit
Route

A. Dierlamm’s “CMS Outer Tracker for HL-LHC” , HSTD11



L1 Track Finder : Demonstrators

* Parallel processing of geometric sectors and time slices
* Two base-line approaches using FPGAs both demonstrated latency [ < 4 us and good performance |
Hough Transform
* Tracklets

Detector octant 1: 2+, z- (32 DTCs)
36 links out at 16Gb/s

Processing octant A

xorroeme

18 time slices / octant (18 TFPs)
64 links in at 16Gb/s

Detector octant 2 : z+, z- (32 DTCs)

36 links out at 16Gb/s Th

data flow

Source

N L 72 iinks
36 links 36 links

: : >:‘ - T
Detector octant 1 (right) : \
A NGP
Detector octant 2 (Ieft) y
v 72 links
\
; Track Finder Processor

Source

gl

A. Dierlamm’s “CMS Outer Tracker for HL-LHC” , HSTD11



L1 Track Finder : Demonstrators

'/é

* Parallel processing of geometric sectors and time slices
* Two base-line approaches using FPGAs both demonstrated latency [ < 4 us and good performance |
* Hough Transform

* Tracklets

s \\\ ~ s \\\ ~ ’\ \\\*\\
R \\\\\\ ~\\\ N \\\\\\ \\\ \\:\K\\*\\\\
\\~ :\\\' \\\\ \\\ \\\:‘\\\‘\\\\ \\\ \\\\x\\‘ \\\ \\
TN I

Figure 1: The steps of the tracklet algorithm are illustrated starting with a) where pairs of
stubs in neighboring layers are combined to form the seeds, tracklets. In b) the tracklets are
projected to the other layers and matching stubs are found. In the last step c) the matched hits
are included in the final track fit.

J. Chaves et. al : L1 Tracklet-Based Track Finding and Fitting



https://twiki.cern.ch/twiki/pub/CMS/L1TrackletBasedTracking/DN-14-043_19may2017.pdf

Stub Simulation & L1 Tracking

« Simulation of stubs a LT ATV Moens 070
« Sharp turn-on and high efficiency for muons E i o et T 20 o Emren
« Significant margin in average stub rates éo‘si_ B % I
« L1 tracking performance studied with demonstrator systems TP
» Sharp turn-on and high efficiency for muons oal—t——+—+— o Egggé
* Decent performance also for electrons ook \V_OD‘ I P sstusnd
» Excellent resolutions, robust with respect to pileup %;llllimjyjl
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CBC3 Schematic

Analogue Nearest Neighbour Signals (NNS)
Front End
e 40 MHz
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K. Urchida’s “The CBC3 Readout ASIC For CMS 2S Modules”



https://indico.cern.ch/event/577879/contributions/2740335/attachments/1573619/2483993/The_CBC3_readout_ASIC.pdf

SSA Schematic

Analog FE

Binary Readout and asynchronous counters
Test Pulse

MIP flag
extraction
Delay Line

MIP flag
encoding

Lateral \ SLVS

Strip Clustering Tx/RX | -] @320Mbps
1

SRAM
MIP flag

Strip Encoder

Delay Line Strip Offset Control Registers
T1 decoder _‘ L1 Serializers Trigger data Serializers 12C to Wishbone
SLVS Clock SLVST1 1-2 x SLVS 8 x SLVS SCL, SDA
@320MHz  @320Mbps @320Mbps @320Mbps @1Mbps
Katja Klein 72
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MPA Schematic
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Figure 9.18: Block diagram of the MPA.

K.Klein’s Overview of The Phase-2 Upgrade of the CMS Tracker

r-mx—vl

< p DD > P

I-"M:‘—’M‘l

A A
i 16 pixels
23.16 mm
25mm
= y
"N
1.84 mm
R /N Vo

118 pixels
11.9mm + borders
€ >
0 _0
O a8 e 0 O
Pixel size 4~
100 um x 1446 um
0.0 O
O a8 e 0 O
. .
: Pixel Array o
. 1888 pixels / chip .
. . Staggered bump bonding
! —_+-*  pad for pixel connection
O OO
FO O O
eee e Bump bonding pad for
common ground connection
O O sesee O O T
Periphery Wire bonding

DD[]D eee se s ve [IDDI:I*/' pad for1/0




37

Physics Performance

» We demonstrate good performance for seven selected physics channels

*H 2> ZZ* - 4u: excellent mass resolution for 200 PU up to eta ~ 3

* H - pu: mass resolution improved significantly (spatial resolution, material budget)

» Heavy stable charged particles: analyses feasible inspite of binary readout in OT,
by identifying highly ionizing particles with second threshold in the PS modules’ SSA chip

» Top quark mass reconstruction from J/psi + | system (J/psi = pyu): improved mass resolution

14 TeV, 200 PU
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Prototyping S Module
CBC2 Read-out

-

e
==
/g

Stub efficiency

o
(=)

III[III|IIIIIII{IT

0.6

0.4

0.2

38

q 1 L,

* Full size 2S module operated in beam

* uniformity of simple stub logic (yes/no) validated

* response post-irradiation measured using a mini-module

Non-irradiated
placed at a radius = 68.8cm
- =-250V, V_, =106 DAC units,

blas

d=2.75mm

Iradiated to 6 x 10" .,/ cm?

placed at a radius = 60cm
Viias= —B00V, V_ = 110 DAC units,

d = 3.05mm
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