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o Instantaneous Lumi: up to 7 x 1034cm-2 s-1
Pile-up 200 

o Integrated Lumi: 3000 fb-1

o Radiation levels up to:
o 2 x 1016 neq cm-2
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- Hardware Track info in L1
- L1 Trigger latency 12.5 μs 
- HLT output 7.5 KHz
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- 30 ps precision
- Just outside the Tracker

-LySo:Ce readout by SiPMs
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- Rad. tolerant - increased granularity
- 40 MHz selective readout in Outer Layer
- Extended coverage to η=4
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- new FE/BE electronics (increased time resol.)
- Lower operating temperature (8 deg.)
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- New DT & CSC FE-BE electronics
- Extended RPC coverage 1.6 < η < 3
- Muon tagging 2.4 < η <3
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Figure 4: The relative resolution of the pT (left) and the d0 resolution as a function of h for
the current tracker (black dots) and the upgraded tracker (red triangles), using single isolated
muons with a pT of 10 GeV. Taken from Ref. [6].

The vertexing performance of the Phase-2 CMS detector is shown in Figs. 5 and 6. Figure 5
shows the vertex position resolution as a function of the number of tracks associated to the
vertex, for different PU scenarios. The vertex position resolution is almost independent of the
amount of PU in the event and the longitudinal resolution is only 50% worse than the trans-
verse one, as expected given the pixel dimensions of the Inner Tracker modules. Furthermore,
Fig. 6 shows the efficiency to reconstruct and identify the primary vertex (PV) as a function of
the highest pT jet in simulated multijet events. As expected, the efficiency increases with the
jet momentum due to the presence of higher momentum tracks, and it is smaller at high PU,
especially in the forward region due to tracks from overlapping PU jets.
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Figure 5: The vertex position resolution in x and y (left) and z (right) as a function of the number
of associated tracks to the vertex, for tt events with 140 (full circles) and 200 (open circles) PU.
Taken from Ref. [6].
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2 Object performance
2.1 Tracking and vertexing performance

We will first describe the expected tracking and vertexing performance with the upgraded
CMS detector [6]. Figure 1 shows the tracking efficiency for single muons with different PU
scenarios, where the efficiency is stable and close to 100% for the entire h range, in both PU
scenarios. Figure 2 shows the tracking efficiency and fake rate for charged tracks in tt events
with different PU scenarios. The efficiency is around 90% in the central region, dropping off at
|h| > 3.8, while the fake rate is lower than 2% in the entire range of h for PU 140.

Figure 3 shows the tracking efficiency in the cores of jets as a function of the distance between
tracks and their nearest neighbors, DR =

p

(Df)2
+ (Dh)2, for the current tracker and the

Phase-2 tracker. In the current Phase-1 reconstruction, a special algorithm to split clusters has
been implemented, as well as a special iteration to perform robust tracking in jet cores. Al-
though this has not yet been ported to the Phase-2 reconstruction, a significant improvement
can already be seen for small values of DR thanks to the higher granularity of the new detector.
Further improvement is expected for large values of DR as well, after applying a similar tuning.

In addition, Fig. 4 shows the pT and the transverse impact parameter (d0) resolutions for the
current tracker and the Phase-2 tracker. The pT resolution deteriorates for large h because of
the shorter lever arm in the projection to the bending plane. Still, the better hit resolution of the
Phase-2 tracker and the reduction of the material budget results in a significantly improved pT
resolution, as shown in the figure. The transverse impact parameter resolution is also improved
with respect to the Phase-1 detector, ranging from below 10 µm in the central region to about
20 µm at the edge of the acceptance.
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Figure 1: The tracking efficiency as a function of h for single muons with pT equal to 10 GeV,
with 140 (full circles) and 200 (open circles) PU. The efficiency is shown for tracks produced
within a radius of 3.5 cm from the center of the luminous region. Taken from Ref. [6].
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degraded by the formation of spurious secondary vertices caused by PU tracks, reducing the
ability to distinguish signal from background. In order to mitigate this problem, the secondary
vertexing algorithms were updated to be aware of timing information from the MTD. By re-
quiring tracks to be within 3.5st of the primary vertex, the number of spurious reconstructed
secondary vertices was reduced by 30%. This causes the ROC curves in Fig. 30 to improve sig-
nificantly, especially for tighter working points where near-zero PU performance is achieved
and the dependence of b tagging efficiency on the PU density is removed.

Figure 30: The secondary vertex tagging misidentification probability as a function of the b
tagging efficiency, for light and charm jets for |h| < 1.5 (left) and for 1.5 < |h| < 3.0 (right).
Results with and without the MTD precision timing are compared to the 0 PU case. Taken from
Ref. [5].

The b tagging performance as a function of the PU density is shown in Fig. 31. A moderate
decrease of the b jet tagging efficiency without the MTD precision timing can be observed.
With the MTD precision timing, the b jet tagging efficiency is improved and the dependence
on PU density is removed.

2.8 Jet substructure performance

In this section, the jet substructure performance is shown [8]. Figure 32 shows some jet sub-
structure observables with the current detector and with the Phase-2 detector. The number
of jet constituents from quark and gluon jets in simulated QCD multijet events in Fig. 32 left
demonstrates the ability to reconstruct identification observables for quark and gluon jet. In
the barrel region, the number of constituents decreases slightly in Phase-2 compared to Phase-0.
However, an increase is observed in constituents in the HGCal region, which may be attributed
to the higher granularity of the endcap calorimeter and the higher number of PU interactions.
The t3/t2 distributions for top quark jets in high mass resonant tt production and quark or
gluon jets in multijet simulation in Fig. 32 right demonstrate excellent performance of the HG-
Cal in identifying subjets for highly boosted W, Z, and Higgs bosons, and top quarks, at a level
of quality similar to that of the barrel calorimeter.
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Figure 36: The number of PU tracks incorrectly associated with the primary vertex in tt (left)
and Z ! µµ (right) events as a function of the PU density, shown with (4D vertex) and without
(3D vertex) the MTD precision timing. Taken from Ref. [5].
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Figure 37: The number of PU tracks in Z ! µµ events incorrectly associated with the primary
vertex as a function of PU density, shown without and with the MTD precision timing for
several different acceptance scenarios, considering tracks within the full Tracker acceptance
(left) and just in the central part (right) of the detector. Taken from Ref. [5].
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3.7 Extrapolation scenarios 29

Table 1: The “floor” systematic uncertainties for the HL-LHC.

Uncertainty Working point/ component Value
Electron ID All WPs, pT > 20 GeV 0.5%

All WPs, 10 < pT < 20 GeV 2.5%
Photon ID 2%
Muon ID All WPs 0.5%
Tau ID All WPs 2.5%
Jet energy scale Total 1–2.5%

Absolute scale 0.1–0.2%
Relative scale 0.1–0.5%
PU 0–2%
Jet flavor 0.75%

Jet energy resolution 3–5% as a function of h
b-tagging b jets (all WPs) 1%

c jets (all WPs) 2%
Light jets, loose WP 5%
Light jets, medium WP 10%
Light jets, tight WP 15%
Subjet b tagging 1%
Double c tagging

pmiss
T Propagate jet energy

corrections uncertainties (must)
Propagate jet energy
resolution uncertainties (recommended)
Vary unclustered
energy by 10% (recommended)

Integrated luminosity 1%

includes isolation. The details of the choices in this table are explained below.

3.7 Extrapolation scenarios

In analyses using the full CMS Phase-2 detector simulation or the fast-simulation package
DELPHES [19] and an integrated luminosity at the HL-LHC of 3000 fb�1, the experimental
systematic uncertainties are the “floor” values as described above and summarized in Table 1.
No uncertainty is included for possible statistical limitations of Monte Carlo simulations.

For extrapolations from Run 2, the strategy of applying experimental uncertainties to HL-LHC
analyses closely follows the strategy used and documented in Ref. [20]. Three scenarios are
considered: “Run 2 uncertainty”, “YR18 uncertainty” and “Stat-Only”.

The “Run 2 uncertainty” scenario, which is referred to as “S1” in Ref. [20], is useful for direct
comparison with Run 2 analyses. As such, it is a sanity check. In this scenario, we assume that
detector performance stays approximately constant because the detector simulation advances
and operational experience may compensate for limitations such as increased PU and detector
aging. The experimental, theoretical, and integrated luminosity systematic uncertainties are
kept constant with integrated luminosity, while the statistical uncertainty of the data is scaled
with 1/

p
L, where L is the integrated luminosity.

Another scenario is the “YR18 uncertainty” scenario, referred to as “S2” in Ref. [20]. This sce-

1.2. Expected physics object performance with the upgraded CMS detector (CMS-NOTE-2018-006)
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122 345465789 are read out via analogue electronics
and optical links transmit pulse height to off-detector electronics. 
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“After one year of CMS PIXEL 1  operation 35% of the DC-DC converters  were found by
a damage mechanism that… did not prevent them to work correctly”*

* Report: Failure of FEAST2.1-based modules in the CMS pixel detector system (physics run 2017)
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The problem is believed to be due to a transistor 
that develops a radiation induced leakage current,
which is amplified by a current mirror by a factor
of about 500 driving a  3.3 V capacitor to 12 V.
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Limitations of Current CMS Tracker 

Expected fraction of non-functional 
modules in the Outer Tracker as a 
function of integrated luminosity
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Radiation Tolerance up to ∫"#$ = &''' ()*+ Flip from p_on_n sensors to n_on_p

Pile Up 140-200 , Occupancy < 1 % Increase granularity

Longer Latency : from 3.2 μs to 12.5 μς Increase front end buffer depth

Increase forward acceptance Mostly through pixel extension

Improve CMS Trigger Provide tracking info to L1 

Improve resolution at low Pt Reduce material

Improve resolution at high Pt Increase granularity
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PIXEL DETECTORS (IT) 

OUTER TRACKER (OT)

Red: Strip-Strip (2S) modules Blue: Pixel-Strip (PS) modules Green: pixel
200 μm  thick sensors
Outer Tracker based on 2 type modules only 2S strip-strip double-layers

~8400 modules
~34M channels
~155m2

PS strip-strixel double-layers
~7000 modules
~230M channels
~62m2
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Pass à Stub Fail

R

f

~250μm

~100μm

~2-4 mm
outer 

sensor

inner 
sensor

Si microstrip sensors VLSI  front − end   chipVLSI  front − end   chip
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127

5 cm

5 cm10 cm

Optical  Link

DC − DC  Converter

Concentrator
Receives data from CBCs
assembles data packet  and  send  to optical  link

8 CBCs
on each side

sensors wire bonded
CBCs bump bonded

8 CBCs
on each side
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Strip-Layer

Sensors 
• Top sensor: Strips
- 2x25 mm, 100 μm pitch
• Bottom sensor: Long Pixels
- 100 μm x 1500 μm
• 5 x 10 cm2 overall sensor size
• Provide z coordinate

Readouts
• Top : wirebond to hybrid
• Bottom: Pixel chips
• Correlation logic in pixel chips

Apriul 20, 2019 HEP2019, Athens 14



An
al

og
ue

 C
ha

nn
el

s

Hi
t D

et
ec

t &
 S

tu
b 

Fi
nd

in
g 

Lo
gi

c

bandgap

10b DAC for VCTH
I2C & biases

I/O to neighbour

I/O to neighbour

LDO

test pulse circuit

512 deep 
pipeline & O/P buffer

DLL

L1 counter & FIFO
data assembly
bend LUT

CBC3

254 channels

Apriul 20, 2019 HEP2019, Athens 15



Apriul 20, 2019 HEP2019, Athens 16

Unique provider : Hamamatsu !

We are examining two options:
- FZ290 μm thick sensors
- FZ240 μm thinned sensors 
Decision to be taken by 
end of summer 2019  
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Ø Simulations

Ø Electronics

Ø Sensors

Ø Beam Tests 
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ü 3D Simulation of silicon & pixel capacitances*
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*For details see: S. Kavadias, K. Misiakos and D. Loukas IEEE Trans. Nucl. Sci., vol 41, no 2, p. 397, 1994 

Fast calculation by a technique that reduces the 3D Laplace
equation to a 2D problem: 
Discretization of the two dimensions that are parallel to the junction 
while keeping the vertical dimension continuous. 
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ü Test setup for evaluation of the CBC2 VLSI Chip

Power Supplies

GLIB
Cooling

Dual CBC2 Hybrid

SLC5 Running Ph2_ACFApriul 20, 2019 HEP2019, Athens 20



DEMOKRITOS” is contributing to the development of the firmware for the 

Inner Tracker μDTC, which is the CMS DAQ testing and development platform 

for the RD53A chip.

Test Bench system at Demokritos

Apriul 20, 2019 HEP2019, Athens

RD53 chip

21



IPBus (from FC7 golden firmware)
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Systematic Measurements of Electrical Characteristics  in various structures
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Probe Station : Carl Suss PA 150

Sensor Quality & Process Quality Control

Electrical characterization εquipment

Apriul 20, 2019 HEP2019, Athens
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Sensor Quality & Process Quality Control

164 Chapter 9. The Outer Tracker: Additional Information

  VQC VQC

Vendor A Vendor B

Distribution 
Center CERN

SQC
5-10% tested

PQC
10-20% tested

test structures

sensors test structures

Production Production

Module 
Assembly

IT

per
batch

qualification

99% sensors

5% test
structures

1% 
sensors

batch 
flagged

OK?

conforming 
sensors

conforming 
sensors

batch 
flagged

OK?

batch 
flagged

OK?

good sensors
from qualified
batches

Figure 9.12: Flow of sensors and test structures during the quality assurance program for the
series production.

development. The bump-bondable layout has facilitated the R & D on hybrid technologies suit-
able for construction of 2S modules. The pT stub triggering approach and performance has been
successfully demonstrated in beam tests at DESY and CERN [104].

Radiation tests of the CBC2 chip included ionizing dose and single event effect (SEU) studies.
Initial studies under X-rays showed an increase in power consumption which peaked after a
few Mrads dose, falling back to pre-irradiation levels if the irradiation was stopped, and which
also went away at higher doses. Further detailed studies, masking different areas of the chip,
localized the source of the extra power consumption to the pipeline region, where minimum
size NMOS transistors were used. For the next version a radiation hard enclosed geometry
layout for NMOS devices has been used.

The CBC2 was designed using SEU resistant techniques, including SEU immune flip-flops for
control logic and triplication of storage cells in the programmable registers. SEU tests using
a proton beam showed a low rate of upsets in the control logic, which in any case can be
recovered quickly using a fast synchronous reset, but a larger than acceptable rate of upsets
in the triplicated storage cells, where a relatively lengthy re-programming sequence would be
required. A review of the layout showed that the triplicated storage cells were probably too
close together, allowing a single SEU strike to upset more than one bit, and a decision was
taken to correct this for the next chip version by replacing the storage cells with a design based
on SEU immune flip-flops.

The CBC3 is the final prototype for 2S modules, containing all functionality required for the
final system. Operating at 320 MHz it can provide triggering information (TRIG) and triggered
readout data (DAQ) at 320 Mb/s, can sustain an average level-1 trigger rate of up to 1 MHz,
and has a pipeline depth of 512 buffers, allowing a level-1 trigger latency up to 12.8 µs. It was
submitted for manufacture in July 2016, with wafers delivered in October. It is a functioning
chip which will be extensively tested during 2017 to confirm specifications and performance

9.2. The pT modules 163

Table 9.5: Tentative table of electrical specifications for the sensors. The last four columns
specify at which stage of the quality control procedure the parameter will be measured: Vendor
Quality Control (VQC), Sensor Quality Control (SQC), Process Quality Control (PQC), and
Irradiation Tests (IT). The VQC is performed on each sensor by the producers, while the other
procedures are performed on a sample basis by the CMS collaboration. PQC is performed on
dedicated test structures only. A value for the number of bad pixels (Nbp) is specified and
producers have to deliver sensors that fulfil this requirement. It is, however, not possible to
verify each pixel on a sensor before they are equipped with the MPA readout chip.

Measurement Acceptance Measured at
type value/window VQC SQC PQC IT

Global measurements (2S, PS-s, and PS-p)
Full depletion voltage Vfd < 150 V for 200 µm X X X X

Vfd < 300 V for 300 µm X X X X
Current at 500 V I500  2 nA/mm3 X X X X
Breakdown voltage Vbreak > 700 V, I700 < 3⇥I500 X X X X
Longterm stability |DI500/I500|< 30% for 48 hours - X1 - -

Measurements after irradiation (2S, PS-s, and PS-p)
Breakdown voltage Vbreak > 1000 V, I1000 < 4⇥I700 - - - X
Interstrip resistance Rint > 100 MWcm - - - X

Strip measurements (2S and PS-s)
Strip current Istrip  2 nA/cm X X - X
Bias resistor

median per sensor median(Rpoly) = 1.5 ± 0.3 MW X X X -
per strip Rpoly = median(Rpoly) ± 5% X X - -

Coupling capacitance Cac > 1.2 pF/(cm µm) X X X -
Interstrip resistance Rint > 10 GWcm - X1 X X
Interstrip capacitance Cint < 1 pF/cm - X1 X X
Pinhole check Idiel < 1 nA at 10 V X X - -
Number of bad strips Nbs < 0.5% X X - -

incl. open/shorted strips
Macro-pixel measurements (PS-p)

Pixel current Ipixel  300 pA/cm - - X -
Interpixel resistance Rint > 1 GWcm - - X -
Number of bad pixels Nbp < 0.2% - - - -

Measurements on dedicated teststructures
Strip/pixel implant resistivity Rstrip < 250 W/square - - X -
Strip/pixel alu resistivity Ralu < 25 mW/square - - X -
Dielectric breakdown Vdiel > 150 V, Idiel < 10 nA at 150 V - - X -
1 Only for a smaller sample of sensors, approximately 1% of the full quantity.

Table of electrical specifications for the sensors

Flow of sensors and test structure control 
during the quality assurance program
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SCQ: Automatic  Measurements
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Process Quality Control

PROCESS PARAMETERS

Bulk resistivity

Oxide quality

Interstrip resistance

Sheet resistances

Contact quality

Carrier lifetimes

Dielectric strength

Diode, van-der-Pauw, 4-wire

MOS, GCD, capacitors with implant

Meander, van-der-Pauw, linewidth

FET, van-der-Pauw

CBKR, contact chain, diode

GCD, diode, pulsed MOS

Dielectric breakdown
By Viktoria Hinger
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Process Quality Control

Flute test structures
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Process Quality Control
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6. Estimation of the Resolution of 2S Sensors
l Impact points Qpixel = A, D; Qstrip = B, C, where A, B, C, D defined above

l Weight wpi for each pixel with a hit = charge collected in the current pixel over the total
charge collected in all pixels of the current module that have counted a hit in the current
event; weight ws for each strip with a hit = 1 over the total number of strips of the current

sensor that have counted a hit in the current event (no charge info from CMS Binary
Chip)

l Npixels: the total number of pixels with a hit in the current module, Ppi: the geometric center

of the front surface (in the way of the beam) of the i-th pixel that has counted a hit; Nstrips:
the total number of strips with a hit in the current sensor, Psi: the geometric center of the
front surface (in the way of the beam) of the i-th strip that has counted a hit

5. Multiple Scattering of Protons
l A, B, C, D points defined as entrance points of primary protons in the first pixel module, the first 2S sensor, the second

2S sensor and the second pixel module, respectively; they all lie on the front surfaces of each compnent in the way of
the beam

l Geant4 returns the real (extrapolated) entrance positions

l An attempt made to perform a local reconstruction: the reconstructed entrance points correspond to those that could be
measured in reality

l Simplifications made in the calculation of reconstructed entrance points to estimate the detector residuals

2. The New CYRCÉ Beamline
l Energy (fixed): 16-25 MeV; dispersion: ΔE = 100 keV

l Particle: Protons
l Intensities: max 1012 p/s, min 102 p/s
l Time micro-structure: 11.75 ns → 85.085 MHz, just about twice the

nominal LHC bunch collision rate = 40 MHz [2]; a “kicker” could be
used to have exactly 85.085 MHz/2.

3. Simulated Geometry and Physics Processes
l 2S module DUT and Phase-I BPIX modules as part of

the telescope [1]
l 25 MeV proton beam in z-direction. Origin: Center of

World. Scintillator: z = -10 cm. Particle gun: (-1, 0, -20)

cm
l Run: 100000 events
l Physics processes included in the simulation: 1)

Ionizations, 2)Bremsstrahlung, 3) Pair production, 4)
Annihilation, 5)Photoelectric effect, 6) γ production, 7)
Compton scattering, 8) Rayleigh scattering, 9) Klein-

Nishina model for the differential cross section [4]

4. Energy Deposition in Silicon Sensors
l Energy lost by primary protons: a) deposited energy in the material

of the detectors; b) kinetic energy of secondary (newly created by
physics processes) particles

l 25 MeV protons: stopped by about 3 mm of silicon (as expected

from Bethe formula [5]) and deposit large amounts of energy [6]
l Goal: To collect info regarding the deposited energy per sensor of

DUT/pixel module

l 5σ noise threshold: at 5000 e- for 2S strips and at 1000 e- for
pixels

l For each event: stored energy in each strip/pixel, respectively,

calculated; when dividing this energy by the energy required for a
single electron-hole production in silicon (= 3.67 eV) charge
collected in each strip/pixel (measured in electrons) obtained

l If this charge exceeds the threshold of 5000/1000 electrons, for a
strip/pixel respectively, we consider that we have got a hit in the
examined strip/pixel in the current event

7. Hit Multiplicities of
Simulation Components
l Hit multiplicity = the number of

strips/pixels per sensor/module,
respectively, with a hit in a single

event (→ cluster size for strips)
l For each of the sensors of the 2S

module and the pixel modules of
the telescope: hit multiplicity

computed for a run of 100000
events

8. Outlook
l Small deflection angle in the proposed telescope system (< 0.3 rad) for 25 MeV protons

l Similar hit multiplicities for sensors regardless of energy
l A novel simulation algorithm for the estimation of multiple scattering angles, residuals and

energy deposition per strip/pixel for any test beam system and telescope containing pixel and

strip sensors

Reconstructed entrance position of 25 MeV protons in front pixel module:

y-residuals’ distribution is a superposition of two effects: discrete positions due to the
signal from the strips (B and C positions), and continuous positions from the track
extrapolation through the DUT (B’ and C’ positions). Multiple scattering accounting for
the differences between B/C and B’/C’, respectively.

Landau fit 25 MeV

50 GeV

Left: Energy stored in the volume of Sensor 1 from the passage of a proton (blue) and the amount of energy transformed to kinetic energy of newly produced
secondaries due to the physics processes (red). Right: The sum of the above energies is equal to the total energy lost by the primary proton. A comparison is
made between the 25 MeV beam of the beam line at IPHC and an MIP beam of 50 GeV protons (inset). On all the vertical axes: Number of entries for a run of
100000 events.

25 MeV 25 MeV

25 MeV

1. Overview
l Upgrade of the LHC to the HL-LHC: up to 3000 fb-1 integrated luminosity [1]

l New silicon tracking devices, improved radiation hardness
l Test beams: study the performance of silicon sensors, also under irradiation
l A new beam line at cyclotron CYRCÉ (mid 2019, 25 MeV protons) at IPHC-

Strasbourg: testing CMS tracker modules (performances and the DAQ system) with
high rates of particles and for large energy depositions [2]

l Studying the new setup is critical: performing a Geant4 simulation of the interaction

between a 25 MeV proton beam and the silicon sensors [3], [4]

Energy deposited in  silicon materia l and energy of secondaries for Sensor 1  for 

a  25 MeV primary track

# of entries per bin

# of entries per bin # of entries per bin

# of entries per bin

# of entries per bin

# of entries per bin
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Historic Data Quality Monitor
ØThe Historic Data Quality Monitor (HDQM) of the CMS experiment is a framework developed
by the Tracker group of the CMS collaboration that permits a web-based monitoring of the time
evolution of interesting quantities (i.e. signal to noise ratio, cluster size) in the Tracker Silicon
micro-strip and pixel.

ØThe tool run smoothly during 2018 data taking period and was documented as an internal note 
and also presented in CHEP2018, Sofia Bulgaria
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The Phase II CMS Tracker Upgrade : 

• 10 years of  R&D
• Over 100 MCHF core cost
• 1.4 M CHF foreseen Greek 

contribution

Greek Core Contribution 
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Backups
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