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Introduction

CU Prague

= Ringberg meeting: we promised to write a paper on measurement of
detector resolutions based on data of TB 2009

— Ringberg plan: a general testbeam paper, and several specialized notes,
focused, for example, on hit reconstruction, gains, pixel mapping etc., and on
calculation of resolutions. (But so far there is none).

— Thefirst version of this paper appeared at the beginning of August, and

underwent serious changes and improvements since then..
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What the paper says:

— Resolutions have been measured since 2006 (first attempts by Jaap), so there is some
history behind us

— We want to describe some properties of resolutions estimators we are currently using,
and demonstrate them on real testbeam data.

— The use of detector resolutions is twofold:

— A measure of spatial discrimination power of a detector.

We show how the resolutions are calculated, what are the properties of the estimates, what
factors influence them, and how their reliability is tested.

— Auseful tool in studies of other detector properties

We present 3 testbeam studies in terms of resolutions — bias scan, angle scan and energy
scan.

5t Intl. DEPFET Workshop, Valencia 2010 Peter Kvasnicka: Review of the 2009 Resolutions Paper



In this talk...
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Intrinsic resolutions of DEPFET detector

protot;
measured at beam tests ypes
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Do we want to impose any rules?

» Simone Egchd

Purposeof the talk:

 (briefly) summarize the circumstances
and ideas behind the paper manuscript

e give a “reading guide” to the paper I Munich, Germany

c . 3f:’ml:-“'C'Stela. UniVErSit Spai
« (also briefly) summarize current status — |[!t7 of Mathematios 504 f;ﬁ;f;ics

of the manuscript. “zech Republic

Charles University in Prague
University, Ger many |

en University, Germ
fKIT Karlsruhe, Germnyany

ng, Mannheil| Paper size:

omputer Science, Sensor Spain |« We kept the siz_e of the paper at 8-
9 pages. Anything that was not

vital was stripped off.
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1 Introduction

HExperimentz in future colliders like the ILC or the super
B factories require excellent vertexing performance, The
DEPFET collaboration pursues the developrnent of vertex
detectors based on the concept of the depleted field effect
transistor,

The concept (zee Fig, 1) originated in the 1020z and has
been publizshed widely [1]-[4]. Briefly, each DEPFET pixel
hag an integrated p-FET transistor. Sideward depletion
ereates a potential minimum for electrons in the internal
pate under the channel. Electrong collected in the inter-
nal gate modulate the transistor current. They can be
removed from the internal gate via the clear contact,

n-
1 ‘ -3 [T 16
Es

Figure 1. The prineiple of DEPFET. 1 - external FET
gate, 2 - pt gource, 2 - deep n-doped internal gate, 4 - p+
drain with connection to external amplifier, & - clear gate,
- nT clear, 7- depleted n-8i bulk, - deep p-well, - pt
backaide contact, 10 - amplifier

Currently, two major application areas for the DEFEFET-
bazed detectors are imaging aystems of space baged X-ray
astronomy missions (XBEUS, SIMBOLX, BepiColombo)

and wartex detertars in hich-enarcv nhvains callidars (tha

5t Intl. DEPFET Workshop, Valencia 2010

Overview: Section 1, Introduction

forward procedure, though somewhat numerically subtle:
the tagk iz to decompoge the tracking residuals to con-
tributions of multiple scattering and meazurement errors,
baged on known statistics of both,

We pive a fairly extensinve degeription of bearm test data
analyziz with a view toshowing how individual steps of the
analyeiz, such ag hit reconstruction, alichment and track-
ing, mechanical instabilities, and irregularities in detector
rezponze, influsnce intringic detector rezolutions. A few re-
sulte of a MC simulation study illustrate the congistency
of rezolution estimates.

We illustrate the usefulness of detector resolutions by
showing the resultz of beam energy zcan, biag zean and
angle scan in terms of detector resolutions. Some results
on the variation of detector resolutions within the area of
a detector pixel illustrate another uzeful application,

= |ntroduction: Standard stuff

2
- — DEPFET, history and principles

e 2
i — What are spatial resolutions
ticles
b?hinﬂ — Resolutionsin testbeams: from
e Jaap to the present
perimj
struet — Use of resolutions
amall

Peter Kvasnicka: Review of the 2009 Resolutions Paper
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2 DEPFET beam test

The 2000 DEPFET beam test setup waz built of 6 de-
tectors ag close to one another as allowed by the position
atages to minimize the effects of multiple scattering. Par-
ticles were trigrered by two scintillators in front of and
behind the setup.

Five matrices of the same type were uzed as telesopes.
Their parameters were kept constant during beam test ex-
periments. The Detectors Under Tests (DUT) were three
structures designed specially for the ILC conditions, with
small pixels and high resolution. The thickness of all ma-
trices wag 450 pm. Eight matrices with 64 » 258 pixels,
pixel piteh 20 x 20, 24 x 24 or 32 » 24 um were uged.

The geometry of the 2000 beam test iz shown in Fig. 2.
The DUT wag placed in pogition 2.

Fig. 3 shows orientation of the (local) detector coordinate
systemn relative to the layout of chips on a DEPFET hy-
brid.

[0.255]  [63,255]

Gate Clear

[0.0][ cuRo |[63.0]

Figure 3: Layout of chips on a hybrid and the detector
coordinate syatem

The six detectors of the setup were synchronized with a
EUDET Trigger Logic Unit and operated from a Linux
wrotkstation.

We found tracks passing through all six detectors in =~28%
eventa, the inefficiency being mainly due to tripgering by a
2.4 » 6.5 mm? scintillator at the front of the setup. Typ-
ical acquisition rate with 120 GeV pion beam was higher
than 1000 events per minute.

5t Intl. DEPFET Workshop, Valencia 2010

Overview:

Sections 2-5, Methods

SC0: 2.4x6 5x6r;|r 8C1: 25:25x4rr_1£r1

e—

F’[‘}rﬂ‘i"_“-mﬁ ol 8ol 198] 320] 404 s29| 11 Apai
" Position: 0 1 2 3 4 2

Figure 2. Arrangement of senzsors in the 2000 beam tezt

» Testbeam description (Section 2)
— Very brief, obligatory material

— Would like to have a reference to a more
detailed description in another paper. It would
make things more complete and save some
space.

— Data-taking parameters and testbeam
experiments — bias scan, angle scan
(exception: from 2008) and energy scan

Peter Kvasnicka: Review of the 2009 Resolutions Paper



Overview: Sections 2-5, Methods (cont’d)
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20x20 pm 24%24 um 32x24 um

The bagzic zet of bearn test gtudiex comprized biag gean,
100 to 200 Y, angle acan, £4 der tilt of the DUT around
horizontal axis?; energy scan, 40 to 120 GeV, separate runs
with electron beams with energiegs 40, 60, 20, and 100 GeV,
and pion beams with energies 80, 100, and (default) 120
GeV.

3  Specific properties of DEPFET

dEtECtDI‘S internal gate
drain - clear gate
DEFEFET detectors have some special features that have to B source B clear
be explained in crder to understand the beam test analysiz
and itz results. Figured: The design of a 1 x 2 pixels area for the smallest

(left), small {center) and large (right) ILC pixel design,

3.1 Noise and intrinsic resolution

= Specific properties of DEPFET detectors
(Section 3)

In DEFEFET detectors, noize iz dominated by the front-
end electronics and was about 120 nA for all detectors
where typical amplification in pixel iz about 085 nA/je~.
Rezponze to 120 GeV piong (110 keV deposited energy)
was over 14.6 uA for the large pixel pitch (zignal to noise
ratio about 120, and 25.2 uA for the small pixel piteh (sip-
nal to noize ratio 200} [8]. In combination with fine pitch,
the high S/IV ratios result in intrinzic rezclutions betwean ) )
1 and 2 pm (see the Results section below). With these { — Edge effect and other response distortions
parameters, multiple scattering effecta are very important

[N T

et

— Low noise and high intrinsic resolution

— Pixel structure

ol - | F— 1

at the nominal beam enerpy of the beam test, 120 GeV. are less nronoinced and are correctad in Lhe Same wav as
5t Intl. DEPFET Workshop, Valencia 2010 Peter Kvasnicka: Review of the 2009 Resolutions Paper
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CIIY from frame data, estimate EMS channel noizes az
median abaolute deviationz of channel signals

White correction. estimate pixel gaing using semi-
parametric maximum-likelihood equalization of geed dis-
tributions; pixel gaing are applied in hit reconstruction
when a reliable value reliably different from 1 iz available

Hit reconstraction, identify sipnal clusters, estimate hit
positions using center of gravity and eta correction (zee
below in the list) based on groups of 2 x 2 (large pixel
size) or 2 x 2 (small pixel size) highest sipnals of a cluster

Track formation: combine hites on various detectors into
particle tracks using the Scott and Longuet-Higeing [5]
similarity matrix deconvolution. Only tracks with exactly
one hit in every sensor (and hits belonging to such tracks)
are uzed in the following analyaiz

n corrections are caleulated using only hits that belong to
tracks; two one dimensional # corrections [10] are caleu-
lated for the ¢ and g projections of 2x2 pixels® area for
each senzor

Track fitténg and sensor alignment: parameterize particles
tracks; eztimate interzections of tracks with detectors; cor-
rect for detector misalienment. A cut of 280 wm around
the perimeter of each detector waz uzed to eliminate edge
effects

Correction for mechanical movements: regularly update
alignment to account for slow mechanical changes in de-
tector pogitions (tvpical time scale tens of minutes). See

5t Intl. DEPFET Workshop, Valencia 2010

Overview: Sections 2-5, Methods (cont’d)

meagurement errors and multiple scattering deflections.
Therefore, residual covariance iz a linear combination of
meagurement error covariance and multiple scattering co-
variance:

con (@) = {(u® — &) (u® — 47 ) = H(GZ2GT 4+ &E)I—éj

where:

wt are local hit coordinates and 4° are local coordinates
of track intersection with senzor plane

H iz a projector to the residual space. If the track is
fitted with a line, w = F#E, with £ the factor matrix

= Dataanalysis (Section 4)
G — Dataanalysis chain— a brief and generic
description of data analysis steps
3 — Analysis software — here we note that there are
several analysis groups using different tools for
2] data analysis
1

tector resolutions in A in terms of (experimental) residual
correlations and (theoretical) RIMS multiple scattering de-
flections.

Formally, resolutions can be caleulated by solving 1 for A,

Peter Kvasnicka: Review of the 2009 Resolutions Paper
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4.2  Analysis software

Two analyais groups (Bonn and Géttingen) used the ILC-
Soft [EUTelescope [11] analyziz package with special ex-
tenzions for DEPFET sensors [12]. One group (Prague)
uzed their own ROOT-bazed [12] analyziz package allowing
alzo intrinsic resolution calculations.

Notes
methods

5 on selected analysis

Thiz gection gives some more detail on selected stepz of
the analyziz. The level of detail for individual steps was
chogen in correspondence with the focus of the paper.

5.1 Calculation of detector resolutions

By detector recolution we mean the EMS error of pogi-
tion meazurement in the detector. We calculate detector
resolutions from the covariance matrix of track fit residu-
ala, BEach fit residual i3 a linear combination of detector

5t Intl. DEPFET Workshop, Valencia 2010

Overview: Sections 2-5, Methods (cont’d)

PN LR T Lt R B R L R PV R TY N T W RN R A, [ OF B R O L T Y AL R -y ELR S W Y R R P o Rt
olutions by a maximum likelihood fit to the data using a
non-linear fitter, Such estimate uzes the full covariance
matrix, but to-date it doesn’t seem to be decizively bet-
ter than the *diagonal® estimator. It iz significantly more
stable than the "diagonal® estimator in the large multi-
ple gcattering regime, but in that regime both estimators

b :
il® Notes on selected analysis methods
7 (Section 5)
2
i Explanation how some important things are
f calculated.
P . :
5 — Calculation of detector resolutions —
t minimalistic explanation
I1
i — Mechanical stability and sliding alignment
12 — Correction of edge effect and other response
1 distortions
I — Subpixel analysis
o
— Monte Carlo simulations

Peter Kvasnicka: Review of the 2009 Resolutions Paper
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6 Results and discussion I: Reso-

lutions

Tracking residuals are key pre-requizites for the caleulation
of alignment (including corrections of mechanical move-
mentg), responze digtortion corrections, and resolutions,
In this paper, "reziduals™ alwaye mean " unbiazed™ residu-
alz, that iz, regiduals from track fits using hits in all other

modules except the module in guestion.

Table 1 ghows a comparizon between regiduals fo
tore obtained in the analyses of the Prague anc
pen groups. The analyzes were carried out inde
uzing different algorithrms (for example, for eta
and for alignment) and different software (seese
The agresment in residuals iz apparent. We
agreament in reziduals means agresment in reso
the regults presented in the following sections
firmed by two independent analyees, For clarity
in the following the Prague group values.

residuals [ur] | O 1 2 3 4
Sétbingen w 239 182 146 181 197
Frague & 249 160 154 198 206
Sétbingen y 224 127 142 185 16D
Frague y 228 138 142 161 161

Overview: Sections 6-8,
Results and Discussion

'+ Results and Discussion I: Resolutions
Resolution values, comparisons, properties.

— Comparison of residuals with Gottingen
(thanks to the endurance of Christian

Geisler)
residuals [pm] 0 i 2 5 4 5
Crdtbingen & 239 182 146 181 197 ZEA
Frague « 249 160 184 198 206 524
(rétbingen y 224 127 142 155 160 1EU
Frague y 228 13 142 161 161 ZE6

Table 1 Comparizon of residuals for individual detectors
obtained in two independent analyses by the Prague and
Gottingen groups for all 8 modules, The analyses used
1600 events taken with DUT with pixel size 20 x 20 um?
in pogition 2,

Table 1: Comparizon of residuals for individual detectors
obtained in two independent analyzez by the Pragus and
Gothingen proups for all 8 modulex. The analyses uzed
1600 events taken with DUT with pixel size 20 x 20 gm?®

5t Intl. DEPFET Workshop, Valencia 2010
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Overview: Sections 6-8,
Results and Discussion (cont’'d)
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UL GRS UL r . . .
rerature or lutions
oy — Actual resolutions for 2 detectors —a DUT
»uze atiffer  Tracking residuals are key pre-requisites for the calculation (20 x 20 Hm) and a telescope (32 X 24 um)
ment. The of alipnment (including corrections of mechanical move-
tbehaviour ments), responze distortion corrections, and ~~~-Trti---
anical mis In thiz paper, "residuals” always mean " unbia
ianged, the  als, that is, residuals from track fits using hits Module 2 (DUT) | Medule 3 (telescope) 2pl
ck acquist  modules except the module in question. [erm] 2020 prn? 52x24 prm?
nment hag Table 1=h son bet dual i i & i Ho
simnplified able 1 shows a comparison between residuals sl TE T T T
test anal tore obtained in the analyses of the Prague a Fesaluts 1.1I:I 1.DI:I 1.F3I:I 1.EI:I H
; the basy 26T ETOUPS. The analyzes were carried out inc clution : : : : et
25 rnedian uzing different algorithrms (for exarmple, for et Net, Tracklng Et'r-:::-r .73 0.6 .86 .73 ,
. and for alignment) and different software (see Multiple Seattering 0. 76 0.79 Pl
widuala va. . . .
The agreement in residuals iz apparent. W bes
agreement in residuals means agreernent inre Tahle 20 Typical residualz and resolutions in » and g for 2 i
the results presented in the following sectior 190 GtV pi Qamt H i ) 1 Resid ual d _
d other firmed by two independent analy=es. For clari ¥ plons, oySlemallc eIror 15 V.1 (Il Slauals all )
in the following the Prague group values. rezolutions are reprezentative for several combinantions of yle
conditions and algorithrms, ful
ical drifts, residuals [pr] | 0 1 2 3 : I
PEET sen. Gétbingen w | 2.89 152 146 181 1 Ll
: , Frague 249 160 154 198 206 524
a8 in resid- Qétbingen w | 224 127 142 188 160 280
: by tenths Frague y 228 138 142 161 161 286
r aubtracts
dition from  Lable 11 Comparizon of residualy for individual detectors
obtained in two independent analyzez by the Pragus and
Gothingen proups for all 8 modulex. The analyses uzed
1600 events taken with DUT with pixel size 20 x 20 gm?®
5t Intl. DEPFET Workshop, Valencia 2010 Peter Kvasnicka: Review of the 2009 Resolutions Paper 11
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Overview: Sections 6-8,
Results and Discussion (cont’'d)

6 Results and discussion I: Reso-

lutions

Tracking residuals are key pre-requizites for the caleulation

of alienment (including corrections of mechs
mentg), responze diztortion corrections, and
In this paper, "reziduals™ alwaye mean ® unbia
alz, that iz, regiduals from track fits using hits
modules except the module in guestion.

Table 1 shows a comparizon betwesn regid uals
tore obtained in the analyses of the Prague a
pen groups. The analyzes were carried out ine
uzing different algorithrms (for exarmple, for et
and for alignment) and different software (see
The agreement in residuals iz apparent. W
agreament in reziduals means agresment in re
the results presented in the following sectior
firmed by two independent analyees, For clari
in the following the Prague group values.

residuals [ur] | O 1 2 3 E
Sétbingen w 239 182 14 181 1.
Frague & 249 160 154 198 2
Sétbingen y 224 127 142 185 1
Frague y 228 138 142 161 1.

Table 1: Comparizon of residuals for individ
obtained in two independent analyvzez by the
Gothingen proups for all 8 modules. The a1
1600 events taken with DUT with pixel size &

5t Intl. DEPFET Workshop, Valencia 2010
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Results and Discussion I: Resolutions

MC verification (old and traditional staff)

g @ Resclutiors |

o B FResziduals

- ) MCresaluions =

—l [] MCresidsls

- N °
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module coordinate

Figure 5: Comparizon of residuals {squares) and resolu-
tions (circles) from the analysizs of beam test data (zolid)
and simulated data (hollow) with representative resolu-
tions et for all detectors (120 GeV pion bearm)
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Figure 6: Example of # correction functions in z(left) and
y (right) directions
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Figure 8: Rezsiduals v, hit position; positional response
diztortions before correction. BEdge effect iz clearly vizible
in both coordinates. The correction (light grey line) is
bazed on median reziduals at a given pogition.

5t Intl. DEPFET Workshop, Valencia 2010

Overview: Sections 6-8,
Results and Discussion (cont’'d)

= Results and Discussion |: Resolutions
Factors influencing detector resolutions:
 Gain correction
e Hitreconstruction
* Mechanical stability
* Edge effect and other distortions
TV
2 LE
g 2
S 1F
§_F
§ F
£ 2F
_35 III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
0 2 4 6 time [hours]

Figure 7. Mechanical shifts of IModule 2 during an 8 howrs?
run. The plotz show median reziduals before re-alignment.
va, time. Solid - vertical, dotted - horizontal direction.

Peter Kvasnicka: Review of the 2009 Resolutions Paper
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Overview: Sections 6-8,
Results and Discussion (cont’'d)

i

Ca

resolutions [um]

—

ha
IIIIIIIIIIIIIIIIIII

S

e =8 -—.._—_—_- :.._-_—_-; —_— _=

Figure 9: Biag acan: resolutions in « (circles) and y
(squares) for the detector with pixel size 20 x 20 pm.

3

[wm]

25

15

Figure 10: Rezolution vz, incidence angle for the DUT
with pixel aize 24 x 24 pm in direction @ (zquares) and y

(circles)
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Results and Discussion Il
Studies using resolutions:

e Biasscan
* Angle scan

 Energy scan

0 Resolutionsx
o Resolutionsy

I

!
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Figure 11; Squared residuals ve, squared inverse energy
with extrapolation to infinite energy for pions: x, hol-
low circles; @, hollow squares, The zolid marks at infinite

energy are the respective intrinzic rezolutions calculated
directly.
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1.2

1.1

1.0

0.9

Figure 12: Maps of resolutions in pixel area (zes alzo Ta-
ble 3) for detector 2 {left, 20 x 20 wm pitch) and detector
2 (right, 32 x 24 pm piteh). Map dimensions correspond
to pitch, but the grey scales are different.

Overview: Sections 6-8,
Results and Discussion (cont’d)

Results and Discussion lll:
Resolution maps

« We only show resolution maps (i.e.,
not charge, seed, etc. maps). This
part has undergone serious
modifications in recent weeks.

« We want to show that for the small

pixels, the variation of resolutions is
much smaller than for the large
pixels.

Madule Approsimate range, & | Apprizimate range, y
Eesiduals 20 = 20 prn 14-145 1.2-145
in urm 32 = 24 pm 15-24 14-1.858
Eeaclutions 20 = 20 pm 1.0-1.2 ns-1.2
in urn 32 % 24 pm 1.0-2.0 0.9-1.5
Table 2: Pixel-zcale variation of residuals and resclutions.

5% Intl. DEPFET Workshop, Valencia 2010
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 Write your paper so that we can
reference it instead of writing one
more time what you can write better!

« Whatare “representative” papers to
cite for the previous testbeams?
There are mostly conference
proceedings.
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Author list:

 Who else wants to be included?

« Do we impose some rules?
Text

e Any further suggestions?

e Have your suggestions been implemented ?
References

 What papers do we cite for previous testbeams?

Schedule

e Are there important issues still to be discussed?

Do we have to wait for other papers?

« How much time is needed for another review round?
« Where do we publish?

5t Intl. DEPFET Workshop, Valencia 2010 Peter Kvasnicka: Review of the 2009 Resolutions Paper
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Acknowledgement again

CU Prague

Many thanks for all discussions, comments and
suggestions!

Please help us again by re-reading the paper!
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CU Prague

Thanks for your attention.

5t Intl. DEPFET Workshop, Valencia 2010
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