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RD53A pixel modules
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e Pixel detector upgraded for HL-LHC upgrades of ATLAS and CMS \

¢ Demonstrate the suitability of the chosen 65nm CMOS technology

! Only for testing, forms the basis for the production designs j

Gang Zhang



Testbeam setup

e The position of incident particle(hits) in each plane

— The reconstructed track using hits in telescopes

‘ ‘ i ‘ ‘ ‘ Energetic single particle
>

Reference telescopes Reference telescopes

KThe testbeam determines how devices under test (DUT) respond to a single part@
passing through the active area

e Sensors 1n reference telescopes have better position resolution than DUTs

e Use hits 1n telescopes to reconstruct the track, and extract position resolution of
KDUT from the difference between track position and hit position on DUT j
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Testbeam at SLAC

Y . >
(upwardS) I l TOp VIEW Z

> ® The position of incident particle(hits) in each plane

X V4 — The reconstructed track using hits in telescopes
(beam direction)

11 GeV electron
, JHz

Mimosa26 RDS3A RDS3A Mimosa26
S50pm*x50um 100pm>25um

ﬁ Testbeam data is collected in November 2018 at SLAC \

e Reference telescopes: Mimosa26 with 18.4pumx*18.4pm pixel

e Two different device under test (DU'Ts): RD53A modules
* S0pmx50pm pixel

* 100pm*25um pixel

&Data 1s collected by YARR (https://github.com/Yarr/Yarr) j
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https://github.com/Yarr/Yarr

The Offline testbeam analysis

. 1s a very generic and versatile collection of Marlin(Modular Analysis &
Reconstruction for the Linear Collider) processors, dedicated to processing of testbeam data

e Track reconstruction algorithm: General Broken Lines(GBL) fitter (https://www.terascale.de/
wiki/generalbrokenlines/)

® Derive the position of
actual hit from binary
readout of hit pixels in a

e Transfer raw sensor data
into Marlin format
e Mark hot pixels

e Reconstruct tracks using
GBL after applying the
correct alignment

cluster
Data Hit .
- Alisnment Track fit
conversion Clustering derivation 5

T T

® Adjacent hit pixels are

grouped together . Use Millepede-II to align the
® Remove clusters containing pixel modules
hot pixels
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Correlation of hits between 2 planes

e The position of incident particle(hits) in each plane

— The reconstructed track using hits in telescopes

Top view 7
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Effect from tilt angle

DUTs are tilted by 13° in X-Z plane >
lTopView V4
S\OQ\’YQ é

» The exact position of incident particle
in a pixel 1s not resolvable

 Significant improvement in resolution
due to tilt angle

11 GeV electrons

e Position of the e Position of the
cluster for binary cluster for binary
readout when 2 readout when 1
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Cluster size
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* The larger cluster size in tilted direction demonstrates

the smaller equivalent pixel width



Position resolution (Mimosa26)

* residual = hit position - track position

 Biased residuals as hits on Mimosa26 are used in track fitting

2 _ 2 2
* Opiased = OCintrinsic O-tracking

3000— 3000—

2 n Mean =-0.01 um Z - Mean = 0.01 um

§ 2500:_ RMS =1.63 um § 2500:_ RMS =1.62 um

= - Obpiased = 1.63 Hm = E Obpiased = 1.62 Hm
2000 2000 —

1500 :— 1500 __
1000 1000 —
500(— 500
_I 11 I 111 I 11 1 I 11 | l IJ I LI I 11 | I 11 1 I 11 | I 11 | _I 11 I 111 I 111 I 11 | I k_A/J I LI I 11 1 I 11 | I 11 | I 11 1
Y00 80 60 40 20 0 20 40 60 80 100 Y00 80 60 40 20 0 20 40 60 80 100
x residual at plane O [pm] y residual at plane O [ym]
ﬁ 2000 ;— ” A 2000 N
g 1800 — Mean = -0.01 um % 1800 — Mean = 0.01 um
- =2. < - =2.

5 1e00f RMS =2.60 um S ook RMS =2.59 um
1400 Opigsed = 2-60 um 1400 Opigsed = 2-99 um
1200 1200—

1000 1000
800 800|—
600— 600—
400 400
:I 11 I 111 I 11 1 I 11 | I 1 I 1 I 11 | I 11 1 I 11 | I 11 | :I 11 I 111 I 111 I 11 | I 1 I 1 I 11 1 I 11 | I 11 | I 11 1
Y00 80 60 40 20 0 20 40 60 80 100 Y00 80 60 40 20 0 20 40 60 80 100

Gang Zhang x residual at plane 1 [um] y residual at plane 1 [um] 9



Position resolution (RD53A)

« Unbiased residuals as hits on DUTs are excluded in track fitting o

unbiased ~—

* Fit function = Box(width) convolved with Gaussian (Mean,Sigma)
¢ 5’ (DUTs) = width*/12 + sigma®
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Tracking resolution on DUTs

» Track-resolution-simulator: https://github.com/simonspa/resolution-simulator/tree/master
* The same geometry of SLAC testbeam setup
* Need intrinsic resolution of Mimosa26 as input

., 2000
R

| Fit function: [0]*(x-[1])%+[2]
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https://github.com/simonspa/resolution-simulator/tree/master

Tracking resolution on DUTs

e The intrinsic resolution of Mimosa26 is measured as 3.85 pm

szase J[Mimosa26) = (Mimosa26) — (Mimosa26) = 3.85% — (Mimosa26)
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Results

 The position resolutions of non-tilted RD53 A modules are both comparable with pitch/v/12
pitch: the length or width of a pixel

« RD53A modules with 5050 pm?2 benefit more from 13° tilt angle

» Systematics include uncertainty of material estimation, beam energy, tracking
resolution and Z position of DUTs

RD53A 50pumx50um RD53A 50umx50um RD53A 100pmx25um RD53A 100pmx25um

non-tilted side(50um) tilted side(50pum) non-tilted side(100pum) tilted side(25um)
pitch/\/12 14.4 14.4 28.8 7.2
14.51 + 1.05 14.58 + 1.04 28.16 + 0.67 7.92 +1.73
14.04 + 1.07 10.86 + 1.09 28.594 + 0.75 6.81 + 1.82
13° tilted
e 0.97 £ 0.10 0.74 = 0.09 1.01 + 0.04 0.86 + 0.30
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Conclusions

 The intrinsic position resolution of non-tilted and tilted RD53 A modules
with 50x50 pm? and 100%25 pm? pitch are measured using 11 GeV
electron beam at SLAC

e The position resolution of 50x50 pm2 RD53A reduces by 26% when tilted
by 13°, and 14% for 100%25 pm2 RD53A

 This information 1s useful for deciding on the design and geometry of the
pixel layers in phase 2 upgrade

Thank you!
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Challenges for pixel at HL-LHC

Gang Zhang

. Run 1 Runs 2+3
(FEI3, PSI46) (FEI4, PSI46DIG) Auns 4+3
Qi 7.5 x10.5 mm?2 20 x 20 mm? 5
Chip Size 8 ¥ 10 mm? 8 % 10 mm? >20 x 20 mm
: 3.5 M
Transistors 13 M 87 M ~1 G
Hit Rate 100 MHz/cm?2 400 MHz/cm?2 ~2 GHz/cm?2
Hit Memory / Chip 0.1 Mb 1 Mb ~16 Mb
Trigger Rate 100 kHz 100 kHz 200 kHz - 1MHz
Trigger Latenc 2.5 us 2.5 s 6 - 20 us
99 y 3.2 us 3.2 us 1
Readout rate 40 Mb/s 320 Mb/s 1-4 Gb/s
Radiation 100 Mrad 200 Mrad 1 Grad
130 nm
Technology 250 nm 250 nm 65 nm
Power ~1/4 W/cm? ~1/4 W/cm?2 1/2 - 1 W/cm?2
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Three front-ends on RD53A

RDS53A is a chip-of-chips with 3 analog front-ends
(output of the cores is the same for each)

M
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Testbeam at SLAC v

(upwards) I

* The position of incident particle(hits) in each plane X (beam direc tiOIl)

— The reconstructed track using hits in telescopes

0 1 2 51 50 3 4 5
11 GeV electron
, JHz

Mimosa26 RDS3A RDS3A Mimosa26
S50pm*x50um 100pm>25um

Sensor ID:

K Reference telescopes: Mimosa26 with 18.4umx18.4um pixels, 1152 pixels im
x direction, 576 pixels in y direction, 21.2mmx10.6mm

e Two different device under test (DU 15) rotated by 90° in X-Y plane: RD53A

modules, 20.0mmx*9.6mm
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* S0pmx50pm sensor: 400 pixels in x direction, 192 pixels in y direction

* 100pmx25um sensor: 200 pixels 1n x direction, 384 pixels in y direction




Correlation in x direction
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Hit correlation in X (d0->d50)
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Correlation in y direction

ﬁ . . .

= Hit correlation in Y (d0->d1)
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E Hit correlation in Y (d0->d51)
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Tilted DUTs

" =7 o
< 3 !

Tilt angle: 13° in XZ plane

After 3 iterations of GBL alignment

Gang Zhang 21
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tracks

Position resolution (Mimosa26)
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Position resolution (Mimosa26)

GBL residual at plane 4 GBL residual at plane 4
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Position resolution (RD53A)
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1000
800
600
400

200

220
200
180
160
140
120
100
80
60
40
20

4

Width = 44.67 um
Mean = 0.01
Sigma =9.7

um

o = 16.17 um

unbiased —

1 | S I I N N [ |
—80 —60 an o0 N °n 40 AN 8N

y residual at plane 51 [pm]

OfTTT
o_

Width = 38.48 um
Mean = 0.06 #
Sigma =12.16 um

= 16.47 um

Ounbiased =

IH—LI—I—I—l—thOJ-IIII | N I N I N I N I TR | S S S |
00 -80 -60 -4n B °n A0 AN an

y residual at plane 51 [um]
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tracks

Chi*2/d.o.f. comparison

Mean =1.180
RMS =1.206

Mean = 1.169 1400

GBL fit chi2 / degrees of freedom GBL fit chi2 / degrees of freedom
gbIChi2 - gbIChi2
— Entries 13345 | S — Entries 20682
1200 — Mean 1169 S 1800 — Mean 1.18
L Std Dev 1.212 — Std Dev 1.206
- 1600 —
1000 |—

RMS — 1.212 1200

800 [
- 1000
600 H- -
_ 800
400 600 —
400 Fr

200
200

T
iR AN

0 IR N S S A N I I e e b e by e b 0 T T T e i S BN S B
0 1 2 3 4 5 6 7 8 9 . 10 0 1 2 3 4 5 6 7 8 9 10
GBL chi2/Ndf GBL chi2/Ndf

No tilt angle 13° tilt angle
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Pull distribution

GBL pull residuals at plane 0 GBL pull residuals at plane 0
* ResidualsPullY0 * ResidualsPullX0
—5 B Entries 13345 % B Entries 13345
8 - Mean  -0.0002553 8 - Mean  —0.0003456
600 — Std Dev 0.9653 600 Std Dev 0.9838
500 500
400~ 400
300~ 300~
200 200~
100 100
O __I_ Ll _IJ 11 | 1111 | 1111 | 1111 | 1111 | 111 Bl L] 0 __I__I-. | 1111 | 1111 | 1111 | 1111 | 1111 | 11 | L
-5 -4 -3 -2 -1 0 1 2 3 4 5 -5 —4 -3 -2 -1 0 1 2 3 4 5
y pull at plane 0 x pull at plane 0
GBL pull residuals at plane 1 GBL pull residuals at plane 1
* ResidualsPullX1 * ResidualsPullY1
X 700— Entries 13345 < 700 Entries 13345
8 - Mean  0.0008265 g - Mean  -0.0003421
N StdDev  0.8871 n Std Dev 0.8767
600— 600 —
500— 500—
4001 400—
300(— 3001~
200 200~
100}~ 100
o_ I—IIJ—I IIII|IIII|IIII|IIII|II ..l_l_l_l._l_ O_J LLI_ll—l ||IIII|IIII|IIII|IIII|I |iLI_I—..L
-5 —4 -3 -2 -1 0 1 2 3 4 5 -5 —4 -3 -2 -1 0 1 2 3 4 5
x pull at plane 1 y pull at plane 1
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Pull distribution

GBL pull residuals at plane 2 GBL pull residuals at plane 2
* ResidualsPullX2 * ResidualsPullY2
%5 C Entries 13345 = B Entries 13345
8 - Mean  0.0002935 8 600— Mean  0.003408
600 1— Std Dev 0.97 B Std Dev  0.9779
: 500
500 — B
- 400
400 — -
- 300
300— B
200~ 200
100 100
O_II_I_II III|IIII|IIII|IIII|IIII|III I-FL_I_I_ O_LI III|IIII|IIII|IIII|IIII|III |
-5 —4 -3 -2 —1 0 1 2 3 4 5 -5 —4 -3 -2 —1 0 1 2 3 4 5
X pull at plane 2 y pull at plane 2
GBL pull residuals at plane 3 GBL pull residuals at plane 3
* ResidualsPullX3 * ResidualsPullY3
j‘% 700—_ l\EAntrles 13345 é C Entries 13345
= - ean -0.004044 = - Mean  0.0001888
C StdDev  0.8819 600|— StdDev  0.9359
600 N
n 500
500 — -
- 400~
400(— -
- 300
300 -
200:_ 200_—
100 100
O_II II|IIII|IIII|IIII|IIII|I P | O_I_L..l_l II|IIII|IIII|IIII|IIII|II I_I_III
-5 —4 -3 -2 —1 0 1 2 3 4 5 -5 —4 -3 -2 —1 0 1 2 3 4 5
x pull at plane 3 y pull at plane 3
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Pull distribution

tracks

700

600

500

400

300

200

100

tracks

700

600

500

400

300

200

100

o

(¢)] IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

GBL pull residuals at plane 4

Ll Ll

ResidualsPullX4

Entries

Std Dev

Mean  0.003565
0.8388

_A_L|J_|_|_l L

5 4

-3

—2

-1

0

1

2

3 4 5
x pull at plane 4

GBL pull residuals at plane 5

t
I

ResidualsPullX5

Entries

Std Dev

Mean 0.001267
0.8782

IN
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x pull at plane 5

tracks

tracks

700

600

500

400

300

200

100

700

600

500

400

300

200

100

o

01IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

GBL pull residuals at plane 4

ResidualsPullY4

Entries

Std Dev

13345

Mean -0.001513

0.8764

L IJ | |

i
A

-3

—2

-1

0

1

2

3 4 5
y pull at plane 4

GBL pull residuals at plane 5

I_I_l_l..L_l

ResidualsPullY5

Entries

Std Dev

13345

Mean  0.002194
0.8926

|

N

-3

-2

-1

0

1

2

3 4 5
y pull at plane 5
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X2

Tracking resolution based on simulator

e Scan intrinsic resolution of Mimosa26

« Simulate track resolution at each Mimosa26 plane

 Minimize the different between measured and calculated unbiased resolution

7000

6000

5000

4000

3000

2000

1000

r=X

L_Fit function: [0]*(x-[1])?+[2]

Fit parameter: [0] = 2468.60 + 5.10

" Fit parameter: [1] = 3.35 + 0.00

|_Fit parameter: [2] = 142.64 +5.12

EThe best intrinsic resolution: 3.347303 + 0.020127

2 2.5 3 3.5 4 4.5 5
Intrinsic Resolution of Mimosa26 [um]

2 2 2
(Gunbiased,i _ \/O-intrinsic + Gtrack,i)

l

V[Gunbiased,i]

I are the six mimosa26

—e— Measured resolution

—=— Predicted resolution

' L
2 14—
© L
N —
@ L
o 12—
£ -
= B
C
9O
5 A
3 8-
A L
o L
o L
8 6
© ~
_Q —
C |
o 41—
o[
00

200 400 600 800 1000
Z position [(mm?3

Use 3.35 micron as intrinsic resolution

of Mimosa26 for predicted resolution
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Intrinsic resolution

tracks

« With pitch of pixels increasing, the residuals should be fit by convolution of box and
gaussian function

GBL residual at plane 50

Width = 94.76 um

Meen = 92 .
800 “‘ unbiased — NMrack + Rintrinsic
700
“0 o*(unbiased) = o*(track) + o*(intrinsic)
500
R piasea = Box(width) + Gauss(sigma)

400

300

200 c*(unbiased) = width*/12 + sigma®

o*(intrinsic) = width*/12 + sigma’® — o*(track)

—qO —80 -60 40 -20 0 20 40 60 80 100
y resid at plane 50 [um]
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Systematics

RD53A 50pmx50um RD53A 50pmx50um RD53A 100pmx25um RD53A 100pmx25um

non-tilted side(50um) tilted side(50um) non-tilted side(100pum) tilted side(25um)
10%
variation of 013 0.12 0.03 0.07
material on
DUTs
frack 0.15 0.15 0.3 0.3
resolution - ] ] ]
10%
variation of 0.02 0.11 0.03 0.07
beam energy
y4
position+/-1 1.03 1.02 0.6 1.7
0 mm
1.05 1.04 0.67 1.73
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