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DESY Test Beam Facility

The DESY Il test beam facility”

° 1 -6 GeV electron / positron beam ( https://doi.org/10.1016/j.nima.2018.11.133)
NIMA, Vol. 922, 2019
e O(10k) particles s'cm™ rate

e The facility is equipped with EUDET-type pixel beam telescopes with ~ 2-15 um spatial resolution

- Picture of the test beam facility

Converter + A "‘-'" ) " T y
e oy E ~ T ’ ’ :
Target Collimator Tz . o I T e
Fiber > Lo P4 gy G, TP |
Target Y, _'—ﬂf agnet X3 T24 [ T24/1

“©  pESYN
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Setup -1 o

e Energy setto ~4 GeV for RSD tests

e Data acquired for ~5 days
(@ room T, only pre-rad sensors)

e Collected O(100k) trigger per sensor

e Alaser system provides the reference beam
position

e The setup sits on a dedicated metal rack
aligned with the beam
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Setup - 2 eees

e Read-out board and digitizer are the same used during lab tests and described in Luca’s talk
e Trigger: a RSD2 with same active area of the DUTs, with all AC pads floating and DC-ring read out

e A 3d-printed telescope screwed on a Pl stage houses DUT & trigger and ensures they are aligned

Lo”
VIS
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Trigger logic

DUT Trigger

N4

Tracker

Trigger logic unit sends trigger
to the tracker once TTL signal

Trigger Logic

E beam
5 >
=
Trigger sent to digitizer: DUT,
trigger signals acquired
— Digitizer

Unit
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Once triggered, digitizer
sends out TTL signal

Trigger logic possible because of different acquisition windows:

200 ns (

Digitizer) vs 230 us (Trigger Logic Unit)



Methods for position reconstruction

pitch Az + Ay, — (A1 + 45)
Xi = Xcenter T Kx 2 S A
J

e Analytical law — “Charge asymmetry” method (see L.Menzio’s talk) _
o Notin this talk pitch Ay + As — (A2 + A4)

2 > A

Vi = Ycenter + ky

Use signal characteristics and
positions provided by tracker to

e Machine learning proved to be an effective reconstruction method train the model

e Comparison between predictions and tracker positions results in a @
gaussian distribution — its sigma gives an estimate of total resolution
= V(0 %gpt 02

Test the model on a different,

O total Tracker) independent dataset

e NMLPRegressor has been chosen: a neural network providing 2 outputs @
(the x-y coordinates)

Compare the predicted position
with the tracker reference
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More on machine learning approach SRS

We used amplitudes of positive and negative lobes (signals are bipolar) Pmax

of all read-out pads as input features
T sketch of RSD

Model training has been performed in 2 different ways: signal
o training data come from one of the TB runs

o training data from lab measurements (using IR laser) \/

The purpose of the 2nd method is to check the generalization power of the model negPmax
and to use a larger dataset for training
o Lab datasets may have millions of events, in TB are limited (by now) to ~100k

The test dataset is always one of the TB runs

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility
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More on machine learning approach SRS

e We used amplitudes of positive and negative lobes (signals are bipolar) Pmax

of all read-out pads as input features
T sketch of RSD

e Model training has been performed in 2 different ways: signal
o training data come from one of the TB runs

o training data from lab measurements (using IR laser) \/

e The purpose of the 2nd method is to check the generalization power of the model negPmax
and to use a larger dataset for training
o Lab datasets may have millions of events, in TB are limited (by now) to ~100k

e The test dataset is always one of the TB runs

> Work in progress to train model with 50-100 input features (presently limited to 8-18) to fully exploit the
neural network — looking for parallelizable algorithms

> Planning to acquire ~500k events at next TB to increase training dataset
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Outline Do

> Results on RSD2 cross 450 um
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cross 450 um

13 AC pads + DC ring read out from DUT
o DC-ring not considered in this work

Position reconstruction in RSD works using the pads that

see a signal above the noise level (i.e. the closest to the hit
position)

e Read-out AC pads

S

eeee

e Grounded AC pads

All other pads are floating

_—_—

+ess
IR

ASasndneezas

@

| 4441
3N
Z : 7z
/}’7

We cannot use this configuration of read-out pads to reconstruct this
position — events in this region will not be considered
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cross 450 um o

e Read-out AC pads
e Grounded AC pads

O

> 13 AC pads + DC ring read out from DUT .
o DC-ring not considered in this work All other pads are floating

_—_—

> Position reconstruction in RSD works using the pads that

L ool
see a signal above the noise level (i.e. the closest to the hit +++m§m

position)

> The 8x3 matriX is the “elementary unit” for position

reconstruction — hit positions in this work are + =§=

reconstructed in the framed area only, as position outside
L <

44

would require using pads not read out

&
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RSDag
cross 450 um e
/f//; e Read-out AC pads
_ 2 e Grounded AC pads
> 13 AC pads + DC ring read out from DUT Z .
o DC-ring not considered in this work All other pads are floating
> Position reconstruction in RSD works using the pads that L | | | b
see a signal above the noise level (i.e. the closest to the hit +m§m +
position)
e
>  The Bx8 matrix is the “elementary unit” for position
reconstruction — hit positions in this work are . + %
reconstructed in the framed area only, as position outside
would require using pads not read out E E E m&
7 Z

| SSmSVAmEE

/

This position cannot be reconstructed with this configuration
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cross 450 um : Machine Learning R>Das

Requirements:
e Pad 6 signal amplitude > 7 mV (cut most noise events)
e Pad 6 sees the highest signal among all pads

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility



cross 450 um : Machine Learning

00

e Best performance when training the algorithm with the laser
dataset from lab measurements
o Resolution when training w TB dataset is ~ 5um worse

Good RSD-tracker correlation

't
htemp £
C Entries 816 T s
70— Mean 0.06635 o
- Std Dev 0.09532
60— ¥2 / ndf 33.48/36 i
- Constant 68.47 + 3.04
- Mean 0.06736 + 0.00286
e Sigma 0.0794 + 0.0021 S
- ~ m
40 0-Total XY 80u
= -14
30—
C 33 -10 -08 -06 -04
= y_tracker [mm]
20_—
10—
Oz..l-,...l...nl..nn—. AT FTRTTOR [0 | S (SO |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 e
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Cross 450um: Comparison with lab tests

RSD 2 Position Resolution - 450 um

100

= TB, ML
=2 80 8
c
B
S 60 ® W3 450 um
]
oé ® W7 450 um
o
2 40 ®W15450um
& o
o
20 °° = . . _
o @ IR Sum of the 4 amplitudes of the “pixel”
e @ @ ®e considered for the event, highest signals
0 correspond to laser set to several MIPs
0 20 40 60 80 100 120 140 160 180

*
Average sum of 4 pads amplitude (mV)

e Plot summarizing RSD2 cross 450 um resolution, as measured with the TCT setup (link )
e Resolutions measured during test beam well agree with expected trend
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Cross 450um: Comparison with lab tests

RSD 2 Position Resolution - 450 um

100 This plot clearly shows that we need
= TB, ML to increase the signals (i.e. gain) to
= .
F 8 improve the performance
g 60 ® W3 450 um
oé ® W7 450 um
o
% i ®\W15 450 um
& o
20 ‘ ® @: @ *
o ® IR Sum of the 4 amplitudes of the “pixel”
e @ @ ®e considered for the event, highest signals
0 correspond to laser set to several MIPs
0 20 40 60 80 100 120 140 160 180

*
Average sum of 4 pads amplitude (mV)

e Plot summarizing RSD2 cross 450 um resolution, as measured with the TCT setup
e Resolutions measured during test beam well agree with expected trend
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Outline Do

> Results on RSD2 cross 1300 um
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cross 1300 um

-
OO LV
000
O0o0

m0 O

All 4 pads read out
Events reconstructed only within the active area

BEH A
Events outside active area are mis-reconstructed,\
only 1-2 pads are involved _
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cross 1300 um

All 4 pads read out
Events reconstructed only within the active area

BEH A
Events outside active area are mis-reconstructed,\
only 1-2 pads are involved _

.

-

® @

’
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o % Same radial distance from pad — ambiguous reconstruction
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cross 1300 um : Machine Learning

-4.00

e Selected events where at least 3 pads see signals > 3 mV
e Laser dataset for training not available, training done with TB _ - e, - A
450 ] . - o ¢ Sl ovo o g Yo "2, |/
data - 5% e o . o
_ -4.75 /‘ : ' _'“" 4 %
= htemp E /'/ p & ”: 34 > e
o Entries 2318 = w0 | TS LR A%
160[— Mean 0.005598 gl; ;?;},‘;.é; AN §e %00 & "
B ~120 Std Dev 0.2067 > | gyt 2%, e
140 Opga x v um 2/ ndf 285.3/75 B e i 3
E Constant 138.6 + 4.5 i e
= Mean  —0.02577 + 0.00275 550 . ®
C Sigma 0.1229 + 0.0029 g
100—
80— |
60 — R 55 54 =3 52 51 -0 49 48
C /ygécker [mm]
40—
20 Correlation is quite good, though non
o - e . .
ot an e g R R R correlated events present (tails in distribution)
-08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1

Xpsp X'Tlad:ar [mm]

S measured at the DESY beam test facility



Cross 1300 um: Comparison with lab tests

RSD 2 Position Resolution - 1.3 mm .
This plot clearly shows that we need

8 1B, ML to increase the signals to improve

100 . the performance

120

80

60
®W31300um

40 ® W151300um

Position Resolution (um)

20

0 20 40 60 80 100 120 140 160 180

Average sum of 4 pads amplitude (mV)

e Plot summarizing RSD2 cross 1300 um resolution, as measured with the TCT setup
e Performance are ~ as expected
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Summary & next steps e

e We tested two RSD2 sensors at the DESY test beam facility to measure their spatial resolution,
using an accurate tracker as reference

e First device features cross-shaped electrodes with 450 um pitch:
o o, ~80um

o Traditional pixel detector with same pitch: o, =450 um/ V12 ~ 130 um

° features cross-shaped electrodes with 1.3 mm pitch:
o Oy, ~ 120 um

o Traditional pixel detector with same pitch: o, = 1300 um / V12 ~ 375 um

e \We demonstrated that large-pitch RSD2 sensors tested on beam can reconstruct the hit
position with very good accuracy

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility 25




Summary & next steps e

e We tested two RSD2 sensors at the DESY test beam facility to measure their spatial resolution,
using an accurate tracker as reference
e First device features cross-shaped electrodes with 450 um pitch:
o o, ~80um

o Traditional pixel detector with same pitch: o, =450 um/ V12 ~ 130 um

° features cross-si Next steps

°© Oy ~120um e collect more data (next test beam at end of March), use

o Traditional pixel detector wif single-output algorithms (much more options compared to

multi-output models), move to designs with higher gain
e We demonstrated that large-pitch

position with very good accura ® RSD2 sensors are designed to be future 4D-trackers
candidates — including timing is our next milestone!
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Setup - 1 0ood

e Energy set to ~4 GeV for RSD tests
e Data acquired for ~5 days (@ room T, only pre-rad sensors)
e Collected O(100k) trigger per sensor

Setup sits on a dedicated metal rack aligned with the beam

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility



SEtup - 1 E%DD

e Energy set to ~4 GeV for RSD tests
e Data acquired for ~5 days (@ room T, only pre-rad sensors)
e Collected O(100k) trigger per sensor

A laser system provides the
reference beam position

':" o ; A i ¢ ».»: - e
IS _ ol I il
v;J | [ s [ -

Sensor position can be further adjusted f
with a micrometric Pl stage

A lifter with ~100 um steps can
move the rack up/down

) of RSD2 sens



Trigger logic o

DUT Trigger

N4 McP

beam

Tracker
I

Tracker
\/

Trigger logic unit sends trigger
to the tracker once TTL signal

Trigger sent to digitizer:

DUT, trigger and MCP
signals acquired

Trigger Logic

— Digitizer

Unit
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Once triggered, digitizer
sends out TTL signal

Trigger logic possible because of different acquisition windows:
200 ns (Digitizer) vs 230 us (Trigger Logic Unit)




R%DBS
MCP

A Photonis MCP is placed downstream to the telescope and
provides the event timestamp with 15-20 ps resolution — it is

mounted on a 3d printed carrier attached to a metal plate aligned
with the beam

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility
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-

cross 450 um @ 285V

h
B Entries 11163
S Y Mean 3.221
E """ Std Dev 4.109
E' |
0 40 45 50

Pmax ch6é [mV]

Pmax of a single AC pad: noise and signal

overlapped (7-8 mV to cut most of the noi

se),

signals are position-dependent (no Landau

distribution visible)

= htot
- Entries 11163
W Mean 2554
ab0F- StdDev  7.756
250F :
200F-
1503—
100
50
OO_I l——s 1 I10I 11 I15I { BN ] I20I 11 I25I 11 I30I B | I35| 11 I4OI 11 I45I 1 50
Pmax total [mV]
e Sum of Pmax of pads in the 3x3 matrix: noise

and signal are well separated, average signal
of ~25 mV — from lab measurements, that
corresponds to gain ~10
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cross 1300um @ 300V

- h
Entries 52308
10° Mean 3.658
Std Dev 4.109

T

T T IIIIIII

T T III]III

_.
O_IHII

5 10 15 20 25 30 35 40

45 50

Pmax ch1 [mV]

e Pmax of a single AC pad: no Landau
distribution visible as signals are
position-dependent

htot

350

300

250

200

150

100

50

IIIIIII[I|IIII|IIII

Entries 52308
Mean 21.81
Std Dev  7.272

o

50
Pmax total [mV]

Sum of Pmax of 4 pads: small noise peak
between 5-15 mV, typical sum of signals in the
20-25 mV range — from lab measurements,
that corresponds to gain 10-12
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cross 450um: ML

> Positions in corners are always biased as the
reconstruction requires a symmetric distribution of pads
around the hit position

T i
X

;5(: Reconstructed position is pulled %
>y towards the center because of £
e the pads unbalance
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cross 450um: ML i

Positions in corners are always biased as the
reconstruction requires a symmetric distribution of pads
around the hit position — we use only events where the
pad seeing the maximum signal is the central one,
avoiding in this way corners

m
/f//; / e Read-out AC pads
£ e Grounded AC pads

N
i

All other pads are floating

I

< =_

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility



. - RSD A7

cross 450um: a side note 5oE
Given our current understanding of position %% /@)%2%
reconstruction in RSD, in a real detector all pads 7 E——— . = TR —" 2% i

of the 6x6 matrix would be bonded, but only in
the 4x4 matrix position may be reconstructed
unbiased — in this way, it is always possible to
define a 3x3 matrix around the hit position and
use those 9 pads for the reconstruction

Such effect calls for large-size matrices, to
minimize the inactive region

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility



cross 450 um : Machine Learning R>Das

Requirements:

e Pad 6 signal amplitude > 7 mV (cut most noise events)

e Pad 6 sees the highest signal among all pads — if another pad would see the highest signal, a
different 3x3 matrix should be used

Siviero F. , Spatial resolution of RSD2 sensors measured at the DESY beam test facility
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cross 450 um : Machine Learning
Om
y
htemp . .
oF- s e e Remarkably, if we 90-10 split the laser dataset
- Std Dev 009532 and predict the 10% fraction (validation dataset)
e TP oo with the trained algorithm, the resulting o is ~ 80
b Ootal x,v ~ 80um Sigma 00704 4 0.0021 um
40 e This highlights the generalization power of the
S algorithm — we can train the model in the lab
- and then use it at test beams
20—
10f-
0:, b | ol L oo | o lo o | o |
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 i
: s ~ Yracker
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cross 1300 um : Machine Learning

e Tracker is present (not same run of previous slide)
Selected events where at least 3 pads see signals > 3 mV . [P
Laser dataset for training not available, training done with TB agif e i P RTINS AL
data ' ‘
X
- htemp
- Entries 2318
160— Mean 0.005598
C ~12 0 Std Dev 0.2067
1400 pota x v um x* / ndf 285.3/75 y ,
E Constant 1386+ 4.5 : o o A
= Mean  —0.02577 + 0.00275 550 . ®
C Sigma 0.1229 + 0.0029 g
100_—
2ol | -
Using ML techniques with the “3 planes” configuration and no o |
. . g k
tracker is challenging, as the reference positions used for /y‘{ac sl

training are not provided by an independent source (tracker) orrelation is quite good, though non

— any bias or mis-reconstruction in training dataset is brrelated events present (tails in distribution)
propagated to the test dataset

asured at the DESY beam test facility




Cross 450um: Comparison with lab tests

RSD 2 Position Resolution - 450 um

Results from analytical law (Luca’s talk) matches ML results,

100 = .
but analytical law cannot be used across the whole active

= TB, ML
E . & ’ surface (poor performance when close to the electrodes)
S ° TB, analytical law
2 60 ® W3 450 um
= ® W7 450 um
o
% 40 ®\W15450um
& o
o
20 L4 q.: @ *
o ® IR Sum of the 4 amplitudes of the “pixel”
e @ @ ®e considered for the event, highest signals
0 correspond to laser set to several MIPs
0 20 40 60 80 100 120 140 160 180

*
Average sum of 4 pads amplitude (mV)

e Plot summarizing RSD2 cross 450 um resolution, as measured with the TCT setup (link )
e Resolutions measured during test beam well agree with expected trend
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Cross 1300 um: Comparison with lab tests

analytical law range

RSD 2 Position Resolution - 1.3 mm .
This plot clearly shows that we need

8 1B, ML to increase the signals to improve
100 . the performance

120

80

60
®W31300um

40 ® W151300um

Position Resolution (um)

20

0 20 40 60 80 100 120 140 160 180

Average sum of 4 pads amplitude (mV)

e Plot summarizing RSD2 cross 1300 um resolution, as measured with the TCT setup (link to our paper)
e Performance are ~ as expected
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