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HL-LHC upgrade

= The High Luminosity LHC is expected to launch at 2029
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= Great discovery potential improvement:

= Proton-proton collision energy: 14 TeV

= Peak instantaneous luminosity:
LHC nominal 1%103%* cm=2s1 - LHC current ~2.1%1034 cm2s! - HL-LHC 7.5x103%* cm=2s1

= |ntegrated luminosity: LHC nominal ~300 fb* - HL-LHC ~3000 fb! over 10 years
= Average pile-up: LHC nominal 25 - LHC current ~60 - HL-LHC 200
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Detector requirements for HL-LHC

= More collisions will also bring challenges:

= ~3x more tracks than currently
—> higher trigger rates
—> higher data rates
—> harder to separate tracks
—> bigger radiation doses (up to 1.2 Grad)

= Requirements for the Phase-2 CMS tracker:
= High granularity
= High radiation tolerance v
= Contribution to level-1 trigger = R
= Extended acceptance range |~

= Reduced material budget Ef)zz_ aee— ‘ L | | |
PR | I | | I
= This makes the current CMS tracker not 00 ) T S | =
suitable for operation after the HL-LHC 000 ] E——— | Y| ] 2
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= A completely new tracker is in preparation 107
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https://cds.cern.ch/record/2867797?ln=en
https://cds.cern.ch/images/CMS-PHO-EVENTS-2016-008

Current CMS tracker

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm?) ~1.9 m? ~124M channels
Overall length :28.7m Microstrips (80-180 ym) ~200 m? ~9.6M channels
Magnetic field :3.8T :

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

PRESHOWER

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

J. Phys.: Conf. Ser. 513 022032
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Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

Silicon strips ~16 m? ~137,000 channels

FORWARD CALORIMETER
4 " Steel + Quartz fibres ~2,000 Channels
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https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022032

Phase-2 CMS tracker upgrade

Current tracker
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https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264

Phase-2 Inner Tracker

TEPX

= 6% smaller pixels compared with the current tracker
= 25x100 um?

= 150 pm active thickness

25 um x100 ym

. TBPX
= Total active surface area ~4.9 m? I o 1
= Total pixel count ~2 billion =@
TFPX j =
= Two different pixel technologies R e ————
= 3D pixel sensors on barrel layer 1
= n-in-p planar sensors everywhere else T —t—t——
. . ¥ A b5+ 4
= Areadout chip based on 64 nm CMOS technology is by |4 ~ol0-]
developed by RD53 collaboration * (! L | A i i A
= RD53 is developing chips for both CMS and ATLAS ; ,?5& b
with different features 2t 38'*
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https://cerncourier.com/a/silicon-sensors-go-3d/
https://cds.cern.ch/record/2272264
https://cds.cern.ch/record/2272264

The CMS ReadOut Chip

= Features of the chip under development:

Pre-production prototypes (RD53B) are
undergoing many different tests

The RD53B version for CMS is called

Able to withstand the radiation up to 1 Grad

Low power consumption of < 1 W/cm?2

432%336

Compatible with serial powering by using on-chip size: 21.6 mm x 18.6 mm

shunt-LDO regulators

CMS ReadOut Chip — CROC v1

Analog front-end Digital domain
432%x336 channels @ N |
ouT TOT counting
d . .
Bump-bonded to the sensor i IK Trimming & storage
_ - |

Wire-bonded to the readout Calibration . S @

injection \4-—/ Th 1
Linear analog front-end architecture preamplifier + Feedback loop

Signal collection (Krummenacher design) Comparator TOT

4-bit digital readout for signal
strength (ToT)

>

Time_
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= Single- or double-slope operation possible Time Time fime

arXiv:2105.00070
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https://arxiv.org/abs/2105.00070

Test setup

Our test setup for CROC chips consists of:
= Custom-made equipment:

= CROC chip with sensor mounted on a Single Chip
Card (SCC)

= Electrical readout FMC board connected to SCC via
DP connection

= FC7 board with FPGA and 2 FMC connectors

= Standard equipment:

= DIOS5 FMC board (provides external trigger, clock,
etc.)

= Low and high voltage supply
= Computer connected to the FC7 via IPbus

= |Pbus is a protocol used to communicate between
software and firmware via ethernet
(https://ipbus.web.cern.ch/)

=  Computer runs the Ph2-ACF software which is designed
to perform both Inner and Outer Tracker hardware tests
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https://ipbus.web.cern.ch/
https://gitlab.cern.ch/cmsinnertracker/Ph2_ACF/-/tree/myDev

Hit detection threshold tuning

= Ahitis registered once the voltage from the preamplifier surpasses the =  The threshold CROC chip can be successfully tuned with a threshold
voltage threshold spread of only ~50 e~ between the pixels
=  Threshold can be tuned globally but varies from pixel-to-pixel due to = This is 2x better than the RD53A demonstrator chip

transistor mismatch

, _ . _ =  The threshold spread stays stable after global threshold shift
= Each pixel has a dedicated trimming DAC (TDAC, 5 bits) to reduce the

threshold variation betwen pixels =  Relevant for real experiment conditions
= The trimming DAC strength is controlled by a global DAC (called LDAC_LIN) =  This was confirmed with multiple chips
Threshold distribution before and after tuning Threshold distribution before and after global shift Threshold spread vs. LDAC_LIN
g - Before tuning, mean=1534.98 e-, std.dev.=392.24 e- g - Tuned at this threshold, std.dev=.43.93 e- é ; —-— RD53A
E‘ 0.6 - After tuning, mean=1516.95 e-, std.dev.=41.68 e- 2 06 _ Threshold changed, not retuned, std.dev.=48.63 e- ﬁ 300 = RD53B
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ToT gain tuning

= The signal strength is measured by the time the preamplifier output voltage stays above the comparator threshold
=  Time Over Threshold (ToT) is measured in 25 ns intervals
= 4 bits, single or dual slope modes available

=  Preamplifier feedback (“Krummenacher”) current can be tuned to obtain different ToT gain curves
= Enables choosing a sweetspot for signal resolution and dynamic range

= ToT gain slope has non-linearities for signal values close to the threshold and becomes linear at higher signal strength

= ToT gain slope does not depend on the threshold itself, as expected with the linear analog front-end
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Hit detection threshold unit calibration

AVCal measurement in volts
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The HL-LHC upgrade comes in 2029 and brings a big challenge for detector
builders but provides big physics opportunities

The Phase-2 detectors must have higher resolution, higher data output rates, and
higher radiation tolerance than the current ones

A completely new tracker is in preparation prepared for CMS

Pixel detector chips for the Inner Tracker are developed by the CERN/RD53
collaboration

Pre-production chips CROC v1, are still tested extensively and show good
performance
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Thank you!
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Backup
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Particle fluence in 1 MeV neutron equivalent

Integrated particle fluence in 1MeV neutron equivalent per cm2, for the Phase-2 tracker. The estimates shown
correspond to a total integrated luminosity of 3000 fb—! of pp collisions at 14 TeV.
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Outer Tracker contribution to L1 trigger
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I+4mm{

FRERRRRRER

L

J

LI

HERERRRRR

,:,
il X

+*
<100 um
Ar

1o,

Z

(c)

ot

|9 Az=Ar/tg 9

OB

(b)

-

=V

L.P.

Figure 2.5: Illustration of the pt module concept. (a) Correlation of signals in closely-spaced
sensors enables rejection of low-pr particles; the channels shown in green represent the selec-
tion window to define an accepted stub. (b) The same transverse momentum corresponds to a
larger distance between the two signals at large radii for a given sensor spacing. (c) For the end-

cap discs, a larger spacing between the sensors is needed to achieve the same discriminating
power as in the barrel at the same radius.
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