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The CMS Inner Tracker upgrade for the High Luminosity-LHC

HL-LHC operation conditions Sensor design constraints
Luminosity 7.5x103%/(cm?e s) = up to 200 events/25 ns Maintain occupancy at %o level and increase spatial resolution
bunch crossing -> pixel size x6 smaller than present pixels = 25x100 pm?
(current detector in CMS 100x150 um?)

CMS baseline choice: at least one replacement of innermost Reduce electrodes distance to increase electric field and thus
layer of TBPX (at integrated fluence = 1.9)(1016neq/cm2 , end the signal = thin planar or 3D columnar technologies

of “Run 5", i.e. after =6 years of operation) and inner ring of

TEPX
Sensor main features: T T S Iy
« Two types of hybrid pixel modules: 1x2 and 2x2 CMS readout g wE D T 1
chips (CROCs) per module S = L Y-
* Planar sensors 25x100 ym® x 150 pm active thickness, sensors ;- % B 430
baseline choice for whole Inner Tracker except for barrel layer 1 sbiti.-ﬂ-i \ i i \ [ j____A T T R

:’_D_E_f;:.--?.r.am-:_.’...)-.j...aolne..'.-'-..'..-..\:a::-i.:.ji@;;.?._-:---;-%ﬁlﬂfl. -----------------

« 3D sensors 25x100 um? x 150 pm active thickness, baseline
choice for barrel layer 1 (better thermal performance than
planar)

See talk by Massimiliano Antonello




Planar quad module cell

Planar Hamamatsu quad module (active thickness 150 um) croc3
read out by 2x2 CROCs

Standard cells (25x100 um?)

8 non-standard central cells (87.5x225 pm?) ———

2 non-standard rows (225x25 pm?) —_—

4 non-standard columns (87.5x100 pm?)

Rail that passes over the neighbour pixel cell
MAIN GOAL: study of
non-standard cells of
the module
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FNAL Test Beam December 2022

Beam test performed at Fermilab Test Beam

Facility with 120 GeV protons

We took data with a planar quad barrel module. Z beam line .

The sensor was NOT irradiated

TELESCOPE SET UP: DUT

« 5 Strip planes (60 um pitch) and 4 Pixel planes (25x100 pum Strip planes  Non irradiated  Pixel planes  Strip planes
pitch, read out by RD53A— only linear front end) Quad Module

* Telescope resolution (075, = 4um)
* Device Under Test (DUT) quad module (illuminated area
7x7mm?)

* Planar Hamamatsu quad module (active
thickness 150 pm) read out by 2x2 CROCs
* CROCs operated in sync mode and using
external accelerator clock (for the first time) Strip plane

TRACK SELECTION AND HIT ASSOCIATION:
* tracks with hits on all strip planes and hits on 2
pixels planes at least DUT
* track fit y?/dof<5
* hits associated with tracks on DUT within 300 um

Pixel plane




Calibrations

Performed calibration and equalization of the thresholds of all

pixels within a CROC

Pulse height curves fitted with a linear fit below saturation

Threshold and noise were determined by performing a charge

injection scan (S-curve)
<threshold> = 1100 - 1200
<noise> = 90 - 100 electrons

electrons

Charge distribution for clusters of size 2 Dut
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Residuals 25x100 um*cells

Results for X residuals (long pitch) are in agreement with
expectations

* Digital resolution for the long pitch: 100 pm /v12=28.9 um

asoo- X Residuals

Mean = -1.05
Std dev= 27.82

entries

ao00
2500%—
Results for Y residuals (short pitch) show discrepancies with the 1500;
expected resolution -

1000{—

* Rough estimate of the DUT resolution : \/opyr2 — 02z, = 9.5 um
* Digital resolution for the short pitch: 25 ym /v12=7.2 pm o LN
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Residuals = associated cluster position - interpolated track intercept

_ Y Residuals Mean= -0.71
Std dev=13.12

\ 2

Fit Results
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Y residuals 25x100 um?

Study of Y residuals for areas between coupled and non coupled pixels

When tracks pass trough the area where pixels are coupled =~ When tracks pass trough the area where pixels are not coupled
we expect regular charge sharing. (between pixel 1 and 2) the residuals are pushed outwards because
The residual distribution evaluated between pixel O and 1 the neighbors cells (cell O and 3) also lights up.

(or 2 and 3) show a single peak as expected. This results in a double peaked distribution.
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DUT for 25x100 um? pixel cells corresponding areas of the same color




Cluster size 25x100 um?

At high bias voltage the cluster size is higher at the intersection of non coupled pixels

Cluster size 2 hits are = 78% of the total

When a particles
passes through the

area where the pixels
are not coupled there
is regular charge
sharing between
pixels 1 and 2

On top of regular :

y coord (um)

SRR

charge sharing
adjacent pixels might
light up as a result of
cross talk
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This results in an

increased cluster size . . . .
in this area Schematic drawing of a 1x4 pixel grid of the DUT

(left) and corresponding cluster size map (right)
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Residuals 25x225 um?

Results for X residuals (long pitch) are in agreement with

expectations.
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Results for Y residuals (short pitch) show discrepancies with the

expected resolution.
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(between pixel 1 and 2) the residuals are pushed outwards because

the neighbors cells (cell O and 3) also lights up.

When tracks pass trough the area where pixels are not coupled
This results in a double peaked distribution.

Y residuals 25x225 um?

Study of Y residuals for areas between coupled and non coupled pixels

The residual distribution evaluated between pixel O and 1

When tracks pass trough the area where pixels are coupled
(or 2 and 3) show a single peak as expected.

we expect regular charge sharing.
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y residual {um)

The residuals distributions evaluated on the

corresponding areas of the same color

Schematic drawing of a 1x4 pixel grid
of the DUT for 25x225 pm? pixel cells




Residuals 87.5x100 um?

|
Mean= 0.03
Std dev=27.78

200

Results for X residuals (long pitch) are in agreement with X Residuals

expectations. 800
» Digital resolution for the long pitch: 100 pm /v/12= 28.9 pm
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Results for Y residuals (short pitch) show discrepancies with the 400

expected resolution. 300
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entries

Y residuals 87.5x100 um?
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Y residuals split by cluster size 87.5x100 um?
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Hit efficiencx studies

Efficiency for the 8 special central cells (87.5x225 um?) Efficiency of all illuminated area of the module
2D efficiency map for the 8 central cells ¢ Mean efﬁciency for quad module
674— —1 m . .
- NS averaged over all illuminated area:
2 8735~ e .
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3D sensors - CERN Test Beam November 2022

metal bump passivation

&

3D pixel sensors (25x100 pm?)

Made by the FBK foundry in Trento, Italy, in Colunlr; dameter @ & & & oxide
collaboration with INFN i —= w /
p* column
* Sensors equipped with the CROC Active thickness 150 um Gap p-spray
~ 20 _
* Modules irradiated up to an equivalent fluence T~ p” high Qcm sensor wafer

of 1 x 10'® neq/cm?
Handle wafer

Test Beam performed at CERN test beam facility f,h;;':,";: Metal to be deposited after thinning
with 75 GeV protons

N Handle wafer to be thinned

TELESCOPE SET UP: See talk by Clara Lasaosa

* 5 planar pixels telescope planes (13x13 pm?), 3 DUTs planes
(3D pixel sensor with 25x100 pm? pitch read out by CROC) and
1 reference plane

TRACK SELECTION AND HIT ASSOCIATION:

* tracks with hits on 5 (4 mimosa26+reference) telescope planes
* hits associated with tracks on DUT within 135x35 pum? ellipse
e track fit y2/dof<10

15




3D sensors - Resolution vs. Turning Angle

The module was turned around the short pitch 25 um coordinate
Telescope resolution oL (= 6.9 um) was subtracted in quadrature
from the DUT residual

Reached = 5 um for all tested modules—> well below digital

resolution
T
Minimum of spatial resolution obtained around 9° tilt angle
T e \ / 25um
6.6 150 um

6.4
6.2 1
6.0

SR |

} CROC Spatial Resolution: about
g0, } + 5 um at 1 x 101© neq/cm?

4.8
4.6
4.4
4.2 4
4.0

0

Resolution [um]

T T T T T T T T T T ik T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Tilt angle [deg]




Summary

The quad planar module read out by 4 CROCs is the first module of its kind to be tested for CMS

phase 2

* Very encouraging efficiencies performances even for non-standard pixels cell in the inter-chip
region

* Studied biases of position estimates due to cross talk in standard and non-standard pixel cells=>
offline correction foreseen

* These studies will be complemented with laboratory measurements to evaluate the cross-talk of
standard and non-standard cells

Future plans:
* More double and quad modules will be tested in the near future, before and after irradiation
* More accurate efficiencies studies are foreseen to better understand the performances

3D pixels modules are confirmed to be used for the inner layers of the silicon trackers to be built for
the HL-LHC.
e After irradiation up to a fluence of 1 x 10%® neq/cm? we measured an hit resolution of about 5 pm

Future plans:
* New test beam campaigns are foreseen with sensors irradiated at higher fluences
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Quad module cell Geometry
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Efficiency

Efficiency

08

0.6

0.4

02

D_B(0)_O(0)_H(0)_SCurves_Chip(0)

1500

2000

Charge (electrons)
2500

III|III|III|III|III|_

AVCal

D_B(0)_O(0)_H(0)_SCurves_Chip(2)

1500

2000

Charge (electrons)
2500

III|III|III|III|III|_

Calibrations

Efficiency

Efficiency

0.8

0.6

0.4

0.2

D_B(0)_O(0)_H(0)_SCurves_Chip(1)

Charge (electrons)

500 1000 1500 2000 2500 10°
1_|_ T T T
- 10
08—
06 B 10°
0.4 - 10
02 10
0_ L el 1
0 100 200 300 400 500
) AV al
D_B(0)_O(0)_H(0)_SCurves_Chip(3)
Charge (electrons)
500 1000 1500 2000 2500 10°
1_I_ T T T | T T
L 10




Entries

Entries

D_B(0)_O(0)_H(0)_Threshold Distribution_Chip(0)

Threshold (electrons)

Calibrations

1 Vcal = 5 electrons

500 1000 1500 2000 2500
30T [T T T T T T T T ] T T T T T T T
- O B 000 Hel) Threshald 10 Chipdd)
| Entries. 145118
r Hean 2353
3000 e suaz 165
R Constant 21651 10.2
I~ Mean 23541 00
: Sigma 9909+ 0019
2500(—
2000 <Vcal>= 235
1500(—
1000
500
0 _ 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 100 200 300 400 500
Threshold (AVCal)
D_B(0)_0O{0)_H(0)_Threshold Distribution_Chip(2)
Threshold (electrons)
500 1000 1500 2000 2500
3500 (T T T | T T T T | T T T T I T T T T | T T T T | T T
— T S5 O/ b ThieshodlD_ChidZ)
C Entries [EEET)
- lean 2424
3000— i s Jus
Constant 32531 108
[~ Iean 2425200
: Sigma 95321 0.019
2500/—
2000 <Vcal>= 242
1500—
1000—
500
0 C 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1
0 100 200 300 400 500

Threshold (AVCal)

Entries

Entries

D_B(0)_0O(0)_H(0)_Threshold Distribution_Chip(1)

Threshold (electrons)

500 1000 1500 2000 2500
3000 - T | T T T T | T | T T T | T T T T I T T
: i)
— . 1.1.48
2500— ey
[~ Mean 20391 40
— Sigma 1136+ .02
2000(—
- <Vcal>= 203
1500—
1000{—
500 —
0 C 1 1 | 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 100 200 300 400 500
Threshold (AVCal)
D_B(0)_O(0)_H(0)_Threshold Distribution_Chip(3)
Threshold (electrons)
500 1000 1500 2000 2500
[T T | T T T T | T T T T I T T T T | T T T T | T T
L Mean 2085
Sid Dev 1089
C 3 b 70817174
2500 [— e a0aa: 00
— Sigma 10.7 £ 4.0
2000
- <Vcal>= 208
1500—
1000—
500{—
) C T N B | TR I T T T TR I N R TR N N N
0 100 200 300 400 500

Threshold (AVCal)



Entries

D_B(0)_O(0)_H(0)_Noise Distribution_Chip(0)

Moise (electrons)

0 20 40 60 80 100 120 140 160 180 200 220 240
[72] —III|III|III|III|III|III|III|III|III|III|III|III|
2 20000
Y 18000 Mean  ass
[ Sid Dev 2.075
16000{—
14000
12000
10000—
8000
6000—
4000
2000
Ozlllllllllllll III|\II| |||I|_|_||II|IIII|IIII
0 15 20 25 30 35 40 45 50
Noise (AVCal)
D B(0) O(0) H(0) Noise Distribution Chip(2)
Noise (electrons)
0 20 40 60 80 100 120 140 160 180 200 220 240
:III|III|III|III|III|III|III|III|III|III|III|III|
18000 — D B0 M) HD) MoselD ChiglZ)
= Entries 142364
[ Mean 20.41
16000 - Std Dev 2.247
14000
12000
10000f—
8000
6000f—
4000
2000}
0:||||||||||||| I A e o Ly Ly

30 35 40 45 50
MNoise (AVCal)

Calibrations

Entries

Entries

D_B(0)_0O(0)_H(0)_Noise Distribution_Chip(1)

20 40 60

m e

80 100 120

Muoise (electrons)

140 160 180 200 220 240

22000
20000
18000
16000
14000
12000
10000

8000

6000

4000

2000

|||||||I_III|IIII|IIII

(=]
ST

5 10

20 25

30

35 40 45 50
Noise (AVCal

D_B(0)_0O(0)_H(0)_Noise Distribution_Chip(3)

20 40 60

80 100

120

140

Noise (electrons)
160 180 200 220 240

"]
22000 II|III|IIIIIII|III|III|III|III|III|III|III|III|

20000
18000
16000
14000
12000
10000
8000
6000
4000

2000

O_Bil)_Cq0)_H{0}_Maise1D_Chipd®)
Entries 145036
Mean 18.63
Std Dev 2.076

IIIIIIIII|III
0 5 10

(=)

20

25

30

40 45 50
MNoise (AVCal)

23




Alignment

Strip Telescope Upstream Pulls
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entries

25x100 um?

No asymmetry observed for Y residual distribution for the top half and bottom half of the cells
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Bottom half Y residuals in-between bumps
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entries

25x100 um?

No asymmetry observed for Y residual distribution for the top half and bottom half of the cells

Top half Y residuals not in-between bumps
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2D map of Y Residuals 25x100 um?

Confirms the absence of asymmetry for Y residual distribution for the top half and bottom half
of the cells

All cluster sizes

Average Y Residuals 2D map
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Schematic drawing of a 1x4 pixel grid of the DUT (left) and
corresponding average Residuals map (V bias=100V) (right)
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Efficiency studies 25x225 ym?

i 1D cell Efficiency - X coordinate second hit Dlg%l mmmmm = m&mm A m&m\\\w

T =

0.985—

Efficiency as a function of the track impact
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Efficiency studies 87.5x100 um?
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87.5x100 um?

At high bias voltage (100V) the cluster size is higher at the intersection of non coupled pixels

When a particles

passes through the

area where the pixels

are not coupled there 0
is regular charge

sharing between

pixels 1 and 2. 1
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On top of regular

charge sharing 2
adjiacent pixels might

light up.

This results in an

increased cluster size

in this area. Schematic drawing of a 1x4 pixel grid of the DUT (left) and
corresponding cluster size map (Vbias=100V) (right)
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Charge spectrum 87.5x100 pum?
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Charge spectrum 87.5x100 pum?
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