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HL-LHC and the CMS Phase-2 Pixel Upgrade

HL-LHC

2 Instantaneous peak luminosity: 5-7.5x10%* cm™s”

v Increase Standard Model measurements precision
v Increase discovery potential

v Search for rare decays

X Increase radiation dose

x Increase pile up till 200 events/25 ns bunch crossing

Need to discriminate between interesting events and background
&
maintain detector performance

25pmx100pum
2 The Phase-2 Pixel detector

2 Radiation hard
2 Increased pseudo-rapidity coverage

2 Increased granularity

« Current CMS pixel size
- Small pitch under test
- Small pitch under test
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Motivation for resolution studies
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2 What is the resolution of the small pitch pixel sensors?

2 Does resolution degrade with radiation damage?
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Tested CMS Phase-2 Prototype

2 n+p-pixel sensors

2 150 pm thicknesses

2 Focus on 100x25 pm?

2 Different geometries & pixel isolation schemes

2 All samples are bump bonded to a PSI ROC4SENS analogue readout chip
2 No zero suppression but low rate (120 Hz)
2 Region of interest based data taking

Pstop default Pstop RD53Apads Pspray RD53Apads

N
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No significant

: : differences have
2 Sensors irradiated at CERN PS @ 3.3x101% p/cm2 (¢peq = 2x1015 cm-2) been observed in the

resolution

All the measurements shown were taken at a bias voltage of:
2 120V for non irradiated sensors
2 800V for irradiated sensor, temperature -22 °C
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The DESY Test Beam

No Telescope but: “DREIMASTER”
2 Datura Telescope mean intrinsic
resolution (3.24 + 0.09) pm
2z We can do better!

[EPJ Techniques and Instrumentation 2016 3:7]

2 e+/e- with momenta 1-6 GeV

2 useful for resolution measurements
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The “Dreimaster”

2 Uses three parallel planes of sensors

2 Does not rely on an external reference

tracking detector — intrinsic resolution

2 Resolution measurement by the triplet

method
A

common turn angle
from 0° to 30°

Y <
"
¥ ‘
B y
// | A DUT C
20 mm spacing
between each X
plane

7 P> >

Sensor | iy

-

oY

Entrance
window

designed and produced by C. Muhl (DESY)
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Resolution measurements with the Dreimaster

1. Recursive track finding & alignment

2. Obtain the dx3 residual distribution

3. Evaluate the RMS of the dx3 to estimate the resolution
2 Considering the 95% of the events

4. Extraction of the single hit resolution

Irene /o



2 Assumptions: A B C y
e Average straight beam along z Reference DUT  Reference Z
e Parallel Dreimaster planes \ \ \
Beam X
> \ >
2 Alignment parameters take into account: \ \

* The relative position in x and y of the dut and the external reference planes
* Rotation around the beam axis
e Correction for rotation around the y axis
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2. Obtain the dx3 residual distribution

2 Require the clusters to be isolated on all the 3 planes

2 Use the 90 % of the events in the Landau distribution (excluding delta rays tails) on all the

three planes

B clusters on tracks

Sensors
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3. & 4. Extraction of the single hit resolution from he RMS of the dx3

u) |||||||||||||||||||||||||
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From the uncertainty propagation:
2 Consider the uncertainty on the single hit Axe independent from Axc and Axa

2 For non irradiated sensors Axg = Axc = Axa = Ax non non non
irr irr irr
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Finding the angle giving the best resolution

2 Angle that maximises the number of clusters of size 2 ~
for 150 ym thickness and 25 pm pitch: 9.5 >
2 Given the system an uncertainty of + 1° is considered

? Beam momentum 5.6 GeV
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Resolution [um]
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2 Spatial resolution improves increasing the beam
energy

» Smaller impact of the multiple scattering

2 Extrapolation at infinite beam momentum gives

the intrinsic resolution

2 Linear dependence of Resolution2vs 1/p2

>
6 b
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= 6}% + 3
it 2

2

Resolution
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Angle scans scan
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2 Very good resolution also after irradiation
2 After neutron irradiation same resolution as with protons is achieved
2 But at a larger angle
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Comparison with simulation
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Conclusions and outlook

2 Successful use of the “Dreimaster” for resolution studies
2 Does not rely on an external reference tracking detector

At the optimal angle for charge sharing & beam energy of 5.6 GeV for
2 n+p-pixel sensors
2 150 pm thicknesses
2 100x25 pm?2
the measured single hit resolution is
» < 3 ym for a non irradiated sensor

Almost no degradation
of the resolution with
2 < 4 ym for a proton irradiated sensor @ ¢eq = 2x1015 cm-2 Irradiation!

2z Optimal angle (@800 V) doesn’t change with an irradiation up to ¢eq = 2x1015 cm-2,

according to the achieved uncertainty
2 < 4 ym for a neutron irradiated sensor @ ¢eq = 4x1015 cm-2

2 Intrinsic resolution of 2 ym for a non irradiated sensor

Outlook

2 Improve resolution with cluster interpolation method
2 Include simulation (also for irradiated sensors)
2 Dreimaster for RD53A chips
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Additional material
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CMS expected fluence

after 3 ab™ at 14 TeV
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Irradiated Landau at lower threshold

B cluster charge straightTracksY_isoAandCandB_straightTracksX
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2 Sensors irradiated at CERN PS @ 3.3x1075 p/cm? (2x1075 neg/cm?2)
p ¢eq = 2x1015 cm-2
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Resolution comparison
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Comparison of Phase-1 and Phase-2 performance with PU

|
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B clusters on tracks

B clusters on tracks

Cluster size at different angles
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B clusters on tracks

B clusters on tracks
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Sensor
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irr[1015 neg]

sSensor
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3M measurements overview

Sensor type thr[ADC]

A=148 (Pstop_RD53Apads FDB),

800 Pstop_default_FTH 20 C=163 (Pspray_RD53Apads_FDB)
120 Pstop_default FDB 12 b
120 Pstop_ RD53Apads_FDB 12 Céﬂ8%2?5?&23:%?&?%

120 Pspray_default_FDB 12 Agl?ié'?;‘;{gg:ﬁgggﬁgzz?lfgg))’
120 Pspray_RD53Apads_FDB 12 A=148 (Pstop_RD53Apads FDB),

C=150 (Pstop_default FDB)

ci52
c160

pitchjum]  bias|v] thr[ADC] 3M (150V)
50 120 Pstop_default_FDD 12 A=158 (FDD), C=159 (FDB)
50 120? Pstop_bdotwiggle_FDB 12 A=152 (FDD), C=159 (FDB)
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Sensor design

Top view 100x25 pm? default design
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Sensor design

Pstop default

Pstop RD53Apads

5 4
NN

RN R
N RO TI X8

Pspray RD53Apads

s
PSS 35 Posetere:
e ataletetetaletel  wletelele!
ISR IS

OO

AN \\& » \\
_o‘:o:o:\ R
ot

24



e Assumptions: «
e Straight beam \ \ \
e |dy| & |dx|< dac*1mrad*3 * 5/E N >

beam
e Parallel Dreimaster planes Beam \ \ \

e Parameters:
e Position of xB-xA & xB-xC
e Position of yB-yA & yB-yC
e Slope of
e xB-xA vs yB
e xB-xC vs yB
 dx3 vs xB } Takes into account rotation around the y axis (mechanics)

} Takes into account rotation around the beam axis
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Position of xB-xC

xCr-xB [mm]
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Slope of xB-xA vs yB
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=0 1 2“ ? . 4 i5teration 2 / ndf 51.64/58
Zooming Prob 0.7083
1 0_3 v 'g‘ 0.03 :_I T T T T T T T T T | po 3.9626-05 + 2.6776-04
m 03 . T L L - N E p1 -8.028e-10 = 1.523e-04
> - 3 20.025H —
2 0.2 — v - ]
m — - C i
% 0.1 = 0.02+ =
o - = - . ]
8' OE — 1 1 - 0.015H Iteratlon 5 —
? 0.1 — - ]
_0.2F = 0.01 :
—0.3 ;_ —; 0.005| * + .
0.4F- = - * i
= = of- +++ﬂ+ + + {__
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0 1 2 3 4 5 -0.01— -
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Slope of xB-xC vs yB

0.005 dxvsy C-B
§.004 _g g‘ 0.25 — b b b
m . i = Z — ‘|'+ -y - :~r!++-|-T++++T:-g-::..*“J‘i*i-"L'i'+-I‘1L O+t +
%"003 — — 1\:/’ B o ++ T+ T
o — - 02—
£0.002— —] -
2 — - B dxvsyCB
» - T — _
0.0011 4 o015 oan o142
— ] — - Meany 0.2266
0 :— 4 + + _: — Std D:z 2.037
= Used only 1 F lteration 0 T
— ] L p0 0.2278 = 0.0003
—0-001 __ fro m Step 1 -] 01 | p1 0.003764 + 0.000175
-0.002— — -
— - 0.05—
-0.003— — -
-0.004 — - | | | | | | |
- 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 005 : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 : —4 _3 _2 _1 0 1 2 3 [mm]
% 1 2 3 4 5 y
iteration
22 / ndf 50.82 /58
3 Prob 0.737
a 0.3219 T T v. T — T T 1 T E O_Sil L R poO ~0.000799 = 0.000307
® = = 'X' B p1 3.994e-09 = 1.699e-04

0.2 i

m F E 5 I .
% 0.1 = 02 —
g 0 :_ L . —: : - :
s E - B Iteration 5 i
? _0.1F — i ]
- - 0.1— —
-0.2 — _ ]
_03E = . ]

0-3 E E 0 _— WW 0650000009250 %005 ......0’_
0.4 = i _
-0.5— — ol _
-0.6— — - _

_0.7 : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 : — —
0 1 2 3 4 5 -0.21— —]
Iteration _I [ 11 | [ 111 | | | | [ 111 | [ 111 | [ 11 1 | | | | [ 11 I_

-4 3 2 1 0 1 2 3 4
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<dx3> [mm]

-0.1

-0.15

-0.2

-0.25

03

Slope of dx3 vs xB

0.002 -
o | ]
§.0015— —
X — 1 ]
§_o.oo1i’:P‘Ir = —
L=} — .
0.0005— =
£ . Used only
- 1 from step 4
-0.0005 — —]
—0.0012— —i
—0.00153— —f
4 T e
iteration
dx vs X
dx vs x g 0'055_ v
& 004
N e " oo Iteration 5
© lteration 0 o w‘ |
L p1 0.001107 = 0.000100 0.01 —
- %‘H"U” I M; Ny H}MM
: | LA |H|Hr Lt g
B dx3vsx
" |M e | ot | i =
! g AU " “o02F- o ooese
- — Std Dev y 0.04777
B = 2 / ndf 283.8 /239
i s e B S B 0 0% sooor
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Entries

Before alignment vs after

220
200
180
160
140
120
100
80
60
40
20
0

T T T[T T T[T T T [T T T[T T T[T T T[T T T[T TT[TTT]] n - o L rrTT T T T T T3
u ° ] @ - i
* 3 = 10000 —
_] cC - i
E LL n ° _
L=-027mm  °, E 8000 1=0.00073mm -
=197 + 0.3 um = | 0=4.36 =0.01 um ]
E 6000 . -
E 4000} .
. E 2000/~ y -
° .0. _f : o ’ ° :

C Y .9.|..T..||||||.|.w O?|T|||||||||||||||||||||||’|?
~0.36-0.34-0.32-0.3-0.280.26-0.24-0.22-0.2-0.18 -0.01 -0.005 0  0.005 0.01 0.01
residual [mm] residual [mm

Note the different scales!
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Hit Finding method 1- F. Feindt

2PS| ROC4SENS analogue readout chip
2 No zero suppression but low rate (120 Hz)
2 Region of interest based data taking

ZPulse height distribution of calibration pulse
»Broad and no signal separation

2z Pedestal correction method:
ZIncrease signal separation

@ Initialization (on first 100)
PED — ZIOO ADC;

100
o Running update Currently 200 events
- If pixel not hit:
99 1
PED; = 156 PEDi-1 + 155 ADCi

(" PH, — ADC, — PED,'_l

@ Needs first 100 events clean

pixels

pixels

107

108

10°

10*

10°

10°

10

ADC Distribution

600
ADC [ADC]

Pulse Height Distribution

%2/ ndf 9.929e+05 / 247

Constant 4.302e+07 + 2.090e+03

Mean -0.005776 = 0.000230
Sigma 5.694 + 0.000

||||m|| lllIlITI] ||nmI| ||||ITn| ||nmI| ||||rm| ||nm|| 71T

—200 -150 -100 50 0 50
PH [ADC]
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Hit Finding method 2- F. Feindt

UH
COm mOn MOde CorreCtIOn Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Pulse Height Difference Distribution

g 10° [ #2/ ndf 2.2566+05 / 377
Method 2  F | Constant 8.707e+07 =+ 4.350e+03
@ Neighbors (row) are strongly ' E7| Mean  -0.0005514 = 0.0001136
o Sigma 2.817 = 0.000
correlated 10°E
- — PH. _ PH. 10° -
(j = pixel index) 10'
v -
10° -
Pulse height difference distribution 10° k-
@ Noise dist. gets even narrower 10 \
@ Good separation of test pulses =l -
. . . Dph [ADC
@ Use Dph for hit finding e
v

Finally!
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Hit Finding method 3 - F. Feindt

Backup

Backup — Hit Finding Method

Method
© Dph; = PH; — PH;_4
e Sph; = Dph;/a(Dph;) (significance)
@ Set a threshold of 4
@ Pixel j marked as hit if Sph; < 4
@ Pixel j — 1 marked as hit if Sph; > —4

36
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L4 Universitdit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Single hit




Common mode correction - F. Feindt

Backup — Common Mode Correction

Online
@ Perform pedestal correction

@ Take difference of neighboring pixels Dph;

@ Calculate significance Sph,;
@ Use threshold of + 4
@ Store region of interest (ROI)

@ Not suitable in offline analysis

Offline
@ ROI-based data

@ Perform column wise correction

@ Find first and last pixel of the column

Subtract average PH from those in between

y
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m
43 Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Correction Scheme

row
N I N I I =Te)
EEEEEEEEEEEEEEN

LT T LTI | Readout
HP NEHRRNRNNEEEEER R lEaildy

HE EERIHHNNIIEEEEER .
I T - Firstand

P Ll L] lastpixel
HE ENNMUNUMEEEEE
T LT T I T T T T TTT T 1 | Corrected

AN I N I I I e 19V
HEEEEEEEENENENENEEPYY

*If the first and the last pixel have the same
distance we correct by the last.



R4S - F. Feindt

Backup — ROC4SENS

@ Geometry: 50 x 50 pm pitch

@ 155 x 160 pixels

@ Analogue readout chain:

e Preamplifier

e Shaper

e Sample and hold
e Output Amplifier

@ No discriminator, no zero suppressio, no
ADC: 50 kB /event

@ ~ 0.7 ms for a readout cycle (at
40 MHz)

@ Operated with Pixel Digital Test Board

v

m
L4 Universitdit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Vepr Vgsh hold
Pixel 1 1 :
1 1 .
1 1 AVdd :
: Vana Vana :
; B :
: *&Oﬁl F%J—L—ﬁ'—:—l C |
| é % S&H
G cna_:— Capacitor
Cal Pulse | J‘ & [ I 0
SRrow | 1
: |
P T B e e :
Column Vdd . vdd | Output Amplifier |
i Ii[T : . j
B_‘ |: ! ! aout
Post Gyr : -
e T ] =
o 230mV X

SR col

________________________

_______

Schematic of the analogue readout chain
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Gain equalisation - F. Feindt

Take Gain Calibration

Use internal calibrations pulses (V,) of
the ROC4Sens

Draw PH — ped vs V4

Fit by Fermi function for every pixel

P2 Veal — Po
PH — ped = p3 + ;U=
P P T+ exp(—u) p1

Use inverse function to get the charge
Q(’DH - ped) = Ve

Correction for relative gain variations
of the pixels!

Source calibration missing
= Abs. calibration to expected charge

y
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Clustering - F. Feindt

Before Clustering — DUT
@ Common mode correction is applied

@ Gain equalization is applied

@ ROC coordinates = sensor coordinates )

Center of Gravity Clustering — All Planes

@ Take any not yet clustered pixel over
threshold

@ Add all neighbors to cluster

@ Charge weighted average position of all
pixels in the cluster = Cluster position

@ Start next cluster

40

Clustering
row
HEEEEEEEEEEEEEEE e Cluster 1
HEEEEEEREEEREREE
I T T T T T T Tl ©Cluster2
® Cluster 3
® Start Pix. 1
Cpixel,
either < th
or not ROI
col

@ DUT: Threshold =~ 4 signi. cut on APH
@ Telescope: Binary, skip hot pixels



Main steps

-0.000243457

0.029724

-0.02488

-0.00333106
ome/cmspix/r4sclient/B/scm148-scancal2-drei-pr650-sh630-2018-03-13-hold17.dat

n ome/cmspix/r4sclient/B/scml@8-scancal2-drei-2018-3-15-hold24.dat
ome/cmspix/r4sclient/C/scml@9-scancal2-drei-pr650-sh630-ial25-2018-03-13-hold20.dat

n

3 3 .
Hh'< X h'< tQ
\\\nnn>>§-—-3
WS o =
o 00 U1 [}
w un

n

eRead parameters from alignment file
¢ Get calibration parameter
eRead data file & assemble pixel hits
e Skip noisy events with more than 400 hits
e [sunami correction
eCommon mode correction (column-wise)
°in roc coordinates
ewe read along one column
ea roi is 7 pixels long
ewe find the pixel with the highest and lowest row index in one column
ewe assume there is no significant charge in these pixels
ewe take the average pulse height of these two pixels and subtract it
from those in between
edph i =ph i-(ph_up + ph_low)/2

eA 0.0511

L 3

Q
<

w
(o)}

a
er
i
i
i
i
i
i
i
i
ain
A
B
C 0.04
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t

QT OAAAQOOQUO O o909 99~
— e o ® 0O Q Q
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Irene Zoi 41




Main steps

online we select the seeds (center pixel triggering

dph = ph4 - (ph1+ph7)/2 a roi to be stored) to be any pixel which has a dph
which is above 4 sigma significance

«Continue analysis i€Tph> dphcut
« for each sampl&"We& Use the cut yielding the best resolution

e25 vs 50
eConversion from ADC to ke (updated for Vcal offset correction - as Finn)

eClustering for events with less than 50 hits (speeding)
eFrom a seed pixel add to it all adjacent pixels with a hit

eEvaluating the cluster isolation
2 Check inside a distance of 300 uym in x and y direction, if more than 1 cluster is found, the one with the higher

charge is considered

eEvaluate cluster coordinate in the sensor frame and correct for the alignment
e requiring straight tracks: |dxCA| < 40[mm]*1mrad*3 * 5/E__+ 0.02 |

e requiring straight tracks: |[dyCA| < 40[mm]*1mrad*3 * 5/E,_ + 0.1 “oo
“Historic”
After alignment,

40 should not matter




Alignment

eAlign xA w.r.t. B: fit with Gaussian+B the dxAB distribution (same for C)
ePeak position is the correction to the alignment

eAlign YA w.r.t. B: mean of the dyAB distribution (same for C) is the

correction

eAngle alignment on A: fit with a pol1 dxAB vs yB (same for C)
e Angular coefficient is the correction

X = c->row*pitchr - halfSensorX - align; //align = @ for B

xC*cfC - yC*sf(;
XC*sfC + yC*cfC; Examples of how the alignment is applied

0.5 * ( xAr + xCr );
0.5 * ( yAr + yCr );
= XxB - xavg;
dx3 -= dx3corr*xavg;

Irene Zoi



