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Abstract

Construction of EUDET pixel telescope will signi�cantly improve the test beam
infrastructure for the ILC vertex detector studies. The telescope, based on the
Monolithic Activ e Pixel Sensors(MAPS), will consist of up to six readout planes
and will be initially installed at an electron beam line at DESY. A dedicated
study wasperformedto understand the position measurement in the telescope and
optimize its performanceby suggestingthe best plane setup. The approach based
on the analytical track �tting method allows for determination of the expected
measurement uncertainty and for comparisonof di�eren t telescope setupswithout
time consumingevent simulation. The proposedmethod also turns out to be little
sensitive to the possibletelescope misalignment.

� Institute of Experimental Physics,Warsaw University, Warsaw, Poland
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1 Intro duction

The goalof the EUDET project [1] is the improvement of infrastructures to enableR&D
on detector technologiesfor ILC with large scaleprototypes. The project is supported
by the European Union in the Sixth Framework Programmestructuring the European
Research Area [2]. One of the research activities, aiming at improving the test beam
infrastructure for the vertex detector studies, includesconstruction of a beamtelescope
basedon Monolithic Active Pixel Sensors(MAPS) [3]. The telescope will consistof up
to six sensorplanesand will be initially installed at a 6 GeV/c electron beam line at
DESY. However, the deviceshould be built in such a way that it could later be used
at other laboratories, for instanceat high energyhadron beam at CERN. To meet all
the requirements and provide a universaltest environment for a wide variety of di�erent
sensorprototypes,the telescope hasto be designedvery carefully. One of the important
issuesis the choiceof the telescope plane con�guration.
The main aim of the presented study wasto understandthe position measurement in the
telescope and optimize its performanceby suggestingthe best planesetup. A dedicated
track �tting method was developed taking into account multiple scattering. Use of
analytical approach allowed us to identify main factors determining the measurement
error and comparedi�erent telescope setupswithout time consumingMC simulations.

2 Analysis method

2.1 Assumptions

The approach presented in this paper is basedon few simplifying assumptions. These
assumptionsseemto be realistic for the consideredtelescope parameters.
The most important assumptionis that for the anglebetweenthe actual particle track
and the nominal beam direction is always small. This is ful�lled if the incoming beam
hasa limited angular spreadand if the particle scatteringanglesin subsequent telescope
layers are small. We also assumethat the beam is perpendicular to the sensorplanes,
so that the track length betweenplanesand the e�ective thicknessof the material layer
crossedby the particle are the samefor all particles and given by telescope geometry.
Thicknessesof all material layers are very small compared to the distancesbetween
planes and we assumethey can be neglectedwhen calculating the particle scattering
angle.
The distribution of the scattering angle is assumedto be Gaussianand the expected
width of the distribution can be estimated from the formula [4]:

�� plane =
13:6 M eV

� cp
z

s
dx
X 0

"

1 + 0:038ln

 
dx
X 0
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(1)

wherep, � c and z are the momentum, velocity and chargeof the incident particle, and
dx=X0 is thicknessof the scattering medium in radiation lengths. For the telescope
planeswe usethe radiation length of silicon, X Si

0 = 9:36 cm. We also assumethat the
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Figure 1: Schematic view of the EUDET beamtelescope setup.

position measurement errorsin all planesareGaussianand that there areno correlations
betweenthe horizontal and vertical position measurements.
With all the above assumptionsthe particle track reconstruction in the telescope can
be separatedinto two independent problemsof track �tting in horizontal and vertical
planes.

2.2 Geometry description

The schematic view of the EUDET beam telescope is presented in Figure 1. We use
the right-handed Cartesiancoordinate systemwith the X axis pointing in the nominal
beam direction and Z axis pointing up. In the presented analysiswe usethe following
variablesto describe the telescope geometry:

� N - number of telescope planes; all sensorplanes as well as nonactive material
layers and included, position of the tested detector plane is denotedby i D U T ,

� x i - position of each plane along the beamdirection (i = 1: : : N ),

� � i - thicknessof each plane in radiation lengths,

� � � i - averagescattering angle in each plane, calculatedfrom formula (1),

� � i - position measurement resolution (for sensorplanes).

In the following we will assumethat the telescope consistsonly of DUT and N � 1 active
sensorplanes(i 6= i D U T ) and there is no additional nonactive material, which could a�ect
the performanceof the telescope. We also assumethat all detector layers are perfectly
aligned. The in
uence of the possibletelescope misalignment and the e�ects expected
due to additional material layers in front of and behind DUT (beam windows) will be
discussedin the later part of this paper.

2.3 Track �tting

With the expected distancesbetween telescope planesof the order of 10{100 mm and
the scattering anglesof the order of 0.1 mrad (e.g. for 500�m layer and 5 GeV electron
beam), the expected track displacement due to scattering can be of the order of few

3



EUDET-Report-2007-01

Q

ii-1 i+1

i-1pi-1

pi
pi+1

iQ

y

x

Figure 2: De�nition of anglesusedto calculateparticle multiple scattering in plane i .

micrometers. It is comparablewith the expected position resolution of the telescope
sensorlayers (� 2 �m ) and can not be neglected. The track �tting method described
below takesit fully into account. Similar approach was previously described in [5].
As mentioned above, track �tting canbeconsideredseparatelyfor horizontal andvertical
plane (or any two perpendicular planes parallel to the beam axis). Therefor, in the
description of the method we will limit ourselvesto the two dimensionalproblem in the
horizontal (X � Y) plane.
The aim of the �t is to determine particle positions in each telescope plane (including
DUT), i.e. N parameters(pi , i = 1: : : N ), from N � 1 positions measuredin telescope
planes(yi , i 6= i D U T ). The problem can be solved, becausewe can useadditional con-
straints on the anglesof multiple scattering. Contribution of plane i to � 2 of the �t can
be written as:

� � 2
i =

� yi � pi

� i

� 2
�
�
�
�
�
i 6= i D U T

+
� � i � � i � 1

�� i

� 2
�
�
�
�
�
i 6=1 ;N

(2)

where� i denotesthe anglebetweenthe direction perpendicular to the telescope planes
(nominal beamdirection) and the particle track direction betweenplanesi and i + 1 (see
Figure 2). The track anglecan be calculated from particle positions in theseplanes:

� i =
pi +1 � pi

x i +1 � x i
:

The �rst term in (2) is due to the uncertainty of the position measurement and the
secondonere
ects the expecteddistribution of the angleof particle multiple scattering
in plane i . The measurement term drops out for DUT (and other nonactive telescope
layers, if considered),whereasthe scattering term is missing for the �rst and the last
plane, as the scattering anglecan not be determined1.
After summingover all telescope layers we get generalthe following formula for � 2:

� 2 =
NX

i =1

" i (yi � pi )2 +
N � 1X

i =2

 
(ai + ai � 1)pi � ai � 1pi � 1 � ai pi +1

�� i

! 2

1Constraint on the multiple scattering angle in the �rst plan can be included, if the angular spreadof
the incoming beamis known and can be approximated by the Gaussiandistribution. This additional
constrain in
uences the results only if the angular spread of the incoming beam is comparable or
smaller than the expectedscattering anglesin telescopeplanes. It wasnot consideredin the presented
analysis
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wherethe coe�cien ts " i and ai are de�ned as

" i =

( 1
� 2

i
for i 6= i D U T (sensorplanes)

0 for i = i D U T

ai =
1

x i +1 � x i

Fitting a track implies �nding most probable values of particle positions in telescope
planes,i.e. �nding minimum of � 2. It is equivalent to solving the set of N equations:

@� 2

@pi
= 0; i = 1: : : N:

The advantage of the presented approach is that the derivativesof � 2 can be calculated
analytically. First derivativesarelinear functionsof particle positionspi and the problem
can be further reducedto solving a matrix equation:

X

j

A ij pj = " i yi

where:

A ij =
1
2

@2� 2

@pi @pj

The generalformula for A is quite complicated,but the matrix can be calculated ana-
lytically . Moreover, all elements of A depend only on the assumedtelescope geometry
and do not depend on the measuredparticle positions yi . Therefor the matrix A needs
to be calculatedonly once. To solve the equation(i.e. �t the track) we only needto �nd
the inversematrix:

S = A � 1

which can then be used to �t tracks for all collected events. Reconstructedparticle
position in plane i is given by a linear combination of measuredpositionsyj in all active
layers:

pi =
X

j

Sij " j yj (3)

Position measurement at DUT, although formally included in the generalformula, does
not contribute to the results as " i D U T = 0 (same is true for other nonactive telescope
layers, if considered).
The diagonalelements of S correspond to the expectedprecisionof the particle position
reconstruction. The error on the particle position at plane i is given by:

~� i =
q

Si i
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Figure 3: The telescope con�guration as usedin the simulation studies.

Again, it turns out that the uncertainties of reconstructed particle positions depend
only on the assumedtelescope geometry and do not depend on the measuredparticle
positions. This feature of the proposedanalysis method is of great importance, as it
allows us to comparethe precision of position determination at DUT, � D U T � ~� i D U T ,
for di�erent telescope geometriesand beam energies,without time consuming event
generationbasedon Monte Carlo methods.

3 Simulation results

3.1 Telescope con�guration

To verify the validit y of di�erent assumptionsusedin the proposedtrack �tting method,
a dedicated simulation study basedon Geant 4 has been performed. The telescope
con�guration used in the simulation is presented in Figure 3. Telescope consistsof 7
layers: 6 sensorlayers with thicknessof 120�m and a DUT, 500 �m thick, placed as
a middle layer (indicated in magenta). The �rst two and the last two sensorplanes
(indicated in red) are assumedto have the position resolution of 2�m (standard sensor
planes), whereasfor the sensorplanesadjacent to DUT (indicated in blue) resolution
of 1�m is assumed(high-resolution planes). Distancesbetweenplanes,as indicated in
the plot, correspond to the con�gurations which turned out to result in best particle
position determination at DUT. Detector responseis simulated by a Gaussiansmearing
of the particle position with the assumeddetector resolution. True particle position at
given layer is taken as the meanvalue of the positions at the entry and exit points, as
obtained from simulation. Simulation was performed for two incident beam energies:
electron beam of 6 GeV and pion beam of 100 GeV. A sampleevent from the 6 GeV
electron beamsimulation is presented in Figure 4.

3.2 Reconstruction results

Also shown in Figure 4 is the result of particle track reconstruction with the described
method (solid blue line). Reconstructedtrack followsvery closelythe "true" particle tra-
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Figure 4: Simulation resultsin horizontal (upper plot) and vertical (lower plot) plane,for
6 GeV electronpassingthrough the telescope. Black dashedline correspondsto
the simulated particle tra jectory, greendots represent the simulated position
measurements, blue solid line is the output of the described reconstruction
method.

jectory (indicated by dashedline) properly describingparticle de
ection due to multiple
scattering both in DUT and in the sensorlayers. The di�erence between the recon-
structed and generatedparticle position at DUT is presented in Figure 5. As expected,
distribution of the position reconstruction error has a Gaussianshape, as indicated by
the �tted Gaussiandistribution. Only very few events populate non-Gaussiantails,
which are probably due to the events with large multiple scattering, not described by
the approximate formula (1).
The quality of the track reconstruction is also illustrated in Figure 6. Distribution of
the total � 2 of the track, calculated as a sum of � 2 from �ts in the horizontal and
vertical plane, is comparedwith the expected� 2 distribution. Resultsof the simulation
are very well described by the distribution expected for 8 degreesof freedom. This is
consistent with our expectations,aswe �t 14 parameters(particle position in Y and Z ,
in 7 telescope planes)using 12 measurements (from 6 sensorplanes)and 10 constraints
on multiple scattering (5 inner telescope planes). In the generalcase,number of degrees
of freedomis given by

Ndf = 2 � Ns � 4;

whereNs is the number of active sensorlayers.
Precision of particle position determination at the DUT plane, as obtained from the
Gaussiandistribution �t to all simulated events (seeFigure 5) is 0.84�m . However, for
few percent of events we observe � 2 values larger than expected (seeFigure 6). If we
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Figure 5: Reconstructionerror distribution for the particle position at DUT, for 6 GeV
electron beam. Simulation results (blue histogram) are comparedwith the
�tted Gaussiandistribution (red line).
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Figure 6: Distribution of the total � 2 of the track �t, for 6 GeV electronbeam,compared
with the expected � 2 distribution for 8 degreesof freedom.
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Figure 7: Obtained position resolution at DUT, � D U T , as a function of the fraction of
events acceptedafter � 2, Results from the described method taking into ac-
count multiple scattering (greenpoints) are comparedwith position resolution
obtained from the straight line �t to 6 sensorplanes and to 4 inner sensor
planes.

reject theseevents, position reconstructionuncertainty of about 0.81�m is obtained, in
very good agreement with 0.80�m expected from the analytical calculation. The de-
pendenceof the obtained position resolution at DUT, � D U T , on the fraction of events
acceptedafter � 2 cut, is presented in Figure 7. After rejecting of about 10% of events
with highest � 2 values, telescope position resolution remains 
at and agreesvery well
with the expected precision (indicated by yellow line). For comparison,position reso-
lution at DUT, as obtained from the straight line �t to 6 sensorplanesand to 4 inner
sensorplanes is also shown in Figure 7. Line �t to 4 planes results in much better
position determination than the �t to 6 planes. This is becausethe measurements in
the �rst and the last plane are least correlated with the particle position at DUT due
to e�ects of multiple scattering. Reconstructionmethod presented in this paper takes
thesee�ect into account and allowsus to obtain optimum position measurement for 90%
of events, whereasfor the line �t the corresponding precisioncould only be reached for
about 10%of events with smallestmultiple scattering.

3.3 Comparison with analytical error estimates

Results presented so far were basedon the simulation assumingposition measurement
resolution of 1�m for two sensorplanesadjacent to DUT (high-resolution planes)and
2�m for the remaining standard sensorplanes. To test the validit y of analytical ap-
proach to position error determination, simulation of detector responsewasrepeatedfor
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Figure 8: Precision of position determination at DUT, for 6 GeV electron beam, as a
function of the position resolution in the high-resolutionplanes,� H R , for stan-
dard planesresolution of 2�m (blue) and 3�m (red). Results of the Geant
4 simulation (points) are comparedwith expectations from the analytical cal-
culations (lines).

di�erent values of the assumedsensorplane position resolutions. Shown in Figure 8
is the precision of position determination at DUT, � D U T , expected for 6 GeV electron
beam,asa function of the position resolution in the high-resolutionplanes,� H R . Results
of the Geant 4 simulation, for 90%of events, i.e. after rejecting 10%of events with the
highest� 2 values(points) arecomparedwith the resolutionexpectedfrom the analytical
calculations (lines). Standard planesresolution of 2�m and 3�m is considered.Simu-
lation results agreevery well with the model expectations if no angular spreadof the
incident electron beam is included simulation (�lled points). When the angular spread
of 0.1�m is assumed(open points), precision of position determination obtained from
the simulation worsensby 1{2%. This indicates the level of systematic uncertainty of
the analytical error estimate due to the simplifying assumptionsusedin the described
method.
Although the method is basedon the assumptionof the Gaussianposition resolution in
each plane, this assumptionis not crucial for the reliableerror estimates.This is demon-
strated in �gure Figure 9. As before,precisionexpected from analytical calculation is
comparedwith results of Geant 4 simulation. However, the position measurement er-
ror in the standard planesis modeledby the uniform distribution, corresponding to the
binary readout option consideredfor theseplanes. The error usedin analytical calcula-
tions is set to 1p

12
of the distribution width, which is given by the sensorpitch of 6�m

or 16�m .
To verify the description of the energydependence,the Geant 4 simulation was also
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Figure 9: Precision of position determination at DUT, for 6 GeV electron beam, as
a function of the position resolution in the high-resolution planes, � H R , for
standard planeswith binary readout and pitch of 6�m (blue) and 16�m (red).
Results of the Geant 4 simulation (points) are comparedwith expectations
from the analytical calculations(lines).

performedfor 100GeV pion beam. Dependenceof the expectedposition uncertainty at
DUT on the incident beam energyis shown in Figure 10. The agreement of analytical
error estimateswith the uncertainty calculated from the Geant 4 simulation is very
good.

4 Telescope con�guration studies

As demonstrated in the previous section, presented method gives reliable results for
the precisionof position measurement at DUT. The position error dependsonly on the
assumedtelescope parametersand canbe calculatedwithout any event simulation. This
allows us to make a quantitativ e comparisonbetweendi�erent telescope con�gurations.
We tried to optimize the telescope setup, by �nding telescope geometry which results
with the best position determination at DUT. For given number and resolutions of
sensorplanes,order and distancesbetweenplaneswerevaried to �nd minimum of � D U T .
If no constraints are put on plane separation,smallesterror is always obtained when all
distancesgo to zero. Therefor, to obtain realistic results, one has to take into account
constraints which result from the mechanical structure of the telescope.
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Figure 10: Precision of position determination at DUT, for position resolution in the
high-resolutionplanesof 1�m (blue) and 2�m (red), asa function of the inci-
dent beamenergy. Resultsof the Geant 4 simulation (points) are compared
with expectations from the analytical calculations(lines).

4.1 Realistic telescope geometry

Distances between planes are mainly restricted by the mechanical structure of their
support frames. For standard sensorlayers the minimum distancebetweentwo sensors
is expectedto beof the order of 15mm. It is assumedthat the telescope shouldcomprise
at least one high-resolution plane. This plane could be placed as closeas 2{5 mm to
DUT. We assumethat it will be placesin front of DUT 2. Minimum distancebetween
two planes adjacent to DUT is about 20 mm. Figure 11 shown the schematic view
of the telescope with minimum distancesbetween sensorplanes indicated. As for the
maximum distance,we assumethat two subsequent planesshould not be separatedby
more than 100mm.
The choiceof optimum telescope con�guration was studied for telescope consistingof 4
or 6 sensorplanes(and DUT). Moreover, possibility of having oneor two high-resolution
sensorplaneswas considered.General conclusionfrom all studies is that DUT should
always be placedbetweentwo sensorplanes,and the distancebetweenthesetwo planes
should be as short as possible. In most cases,to get the best position measurement
separationsbetween other sensorplanesshould either be equal to the minimum or to
the maximum alloweddistancebetweenthem, dependingon the energy, sensorand DUT
parameters. High-resolution plane is always the one closestto DUT (we assumethat
Theseobservation led to the following schemefor the labeling of telescopecon�gurations:

2As we do not consider beam energy lossesin the telescope planes, sameresults are obtained if the
order of all planes is reversed.
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Figure 11: Schematic view of the realistic con�guration for the telescope consisting of
DUT (magenta), onehigh-resolutionsensorplane (blue) and 5 standard sen-
sor layers (red). Minimum distancesbetweensensorplanesare indicated.

� DUT and two sensorplanescloseto it are always denotedby { ,

� any other sensorplane in front of or behind these 3 planes is denoted by N , if
placedat the minimum allowed distance(narrow con�guration)

� or by W , if placedat the maximum distance(wide con�guration).

All results presented in this section were obtained assumingthe thicknessof telescope
sensorsof 120 �m , both for standard and for high-resolution planes. If not stated
otherwise, the resolution of standard sensorplanesis assumedto be 2 �m . For high-
resolution sensorsthe default position determinationsuncertainty consideredis 1 �m .

4.2 Results for 1+3 con�guration

This section describes the results obtained for the telescope consisting of one high-
resolutionplane(placedin front of DUT) and three standardsensorplanes(1+3 con�gu-
ration). Figure 12shows the expectedprecisionof position determination at DUT, � D U T ,
as a function of the position resolution in high-resolution plane, � H R , for di�erent tele-
scope geometries,for 6 GeV electronbeam. Minimum distancebetweenDUT and high-
resolution plane is set to be 5 mm and the DUT thicknessassumedis � D U T = 500�m .
For � H R � 1�m the best measurement is obtained in the WN{ con�guration, i.e. when
two standard and a high-resolutionplaneare placedin front of DUT and only oneplane
behind it. The con�guration schemeis shown in Figure 13 (middle plot).
However, this con�guration choiceis optimal only for the limited rangeof � H R and � D U T ,
and of the beamenergy. This is shown in Figure 14, wherethe best choiceof telescope
con�guration is shown asa function of the assumedDUT thickness,� D U T and the high-
resolution plane measurement precision, � H R , for electron beam energyof 5 GeV. For
very thin DUT, � D U T < 150�m , when the e�ects of multiple scattering are small, the
best measurement precision can be obtained with N{N con�guration. On the other
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Figure 12: Expectedprecisionof position determination at DUT, � D U T , asa function of
the position resolution in high-resolution plane, � H R , for di�erent telescope
con�gurations, for 6 GeV electronbeam.
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Figure 13: Con�gurations resulting in the best position measurement at DUT (in dif-
ferent rangesof parameters),for telescope consistingonehigh-resolutionand
three standardsensorplanes.High-resolutionplaneis indicated in blue, stan-
dard planesin red and the DUT in magenta.
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Figure 14: Telescopecon�guration resulting in the is bestposition measurement at DUT,
as a function of the assumedDUT thickness,� D U T and the high-resolution
plane measurement precision,� H R , for electronbeamenergyof 5 GeV. Con-
�gurations with one high-resolution and three standard sensorplanes are
considered.

hand, for very thick DUT, when multiple scattering givesdominant contribution to the
position uncertainty, and for small � H R valuesW{W layout turns out to be a preferred
choice(for con�guration schemesrefer to Figure 13).
The position uncertainty due to multiple scattering depends on the particle energy.
The expected precision of position determination at DUT, � D U T , as a function of the
beam energy, for the three selectedtelescope con�gurations is shown in Figure 15, for
the assumedDUT thicknessesof 800 and 300�m , and the distance between the high-
resolutionplaneand DUT of 5 mm. W{W layout givesthe best precisionmeasurement
at lowest energies,when the e�ects of multiple scatteringare dominant. Large distances
betweensensorplanesallow for a better estimate of the particle track direction before
and after DUT, resulting in better extrapolation of the position measuredin the high-
resolution plane and in the plane behind DUT to the DUT surface. At high energies
in
uence of multiple scattering is small and the position error at DUT is dominated
by the position uncertainties in sensorplanes. In this caseit is preferable to put all
planesascloseto each other aspossible,and the N{N con�guration should be chosen.
In addition, there is an intermediate energy range (depending on the assumedvalue
of � D U T ) where the WN{ con�guration results in the best measurement. In the high
energy limit the multiple scattering can be neglectedand con�gurations W{W and
N{N are expected to give samemeasurement precision.
If the distancebetweenthe high-resolutionplaneand DUT is reducedto 2 mm, expected
measurement precision improves, as shown in Figure 16. Signi�cant improvement is
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Figure 15: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beamenergy, for the assumedDUT thicknessesof 800�m (upper plot) and
300�m (lower plot) and the distancebetween the high-resolution plane and
DUT of 5 mm. Con�gurations with one high-resolution and three standard
sensorplanesare considered.
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Figure 16: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beamenergy, for the assumedDUT thicknessof 800�m (upper plot) and
300�m (lower plot) and the distancebetween the high-resolution plane and
DUT of 2 mm. Con�gurations with one high-resolution and three standard
sensorplanesare considered.
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Figure 17: Telescopecon�guration resulting in the is bestposition measurement at DUT,
as a function of the assumedDUT thickness,� D U T and the high-resolution
plane measurement precision,� H R , for electronbeamenergyof 6 GeV. Con-
�gurations with two high-resolutionand two standard sensorplanesare con-
sidered.

observed especially at low energies,where large uncertainty is expected from multiple
scattering. Uncertainty in particle direction determination is large, bu smaller distance
reducesthe error in extrapolating the position measuredin the high-resolutionplane to
the DUT surface.

4.3 Results for 2+2 con�guration

Analysispresented in the previoussectionwasrepeatedfor the telescopeconsistingof two
high-resolutionplanesand two standardsensorplanes(2+2 con�guration). The optimal
choiceof telescope con�guration for electronbeamenergyof 6 GeV, asa function of the
assumedDUT thickness,� D U T , and the high-resolution plane measurement precision,
� H R , is shown in Figure 17. For � H R < 1:5�m the high-resolution planesshould always
be placed in front of and behind DUT, whereasfor large � H R and large � D U T (the
parameter range indicated by dashedline in Figure 17) best measurement is obtained
when both planesare put in front of DUT.
Con�gurations resulting in the best position measurement, for di�erent beam energies
and thicknessesof DUT, assuminghigh-resolution planes resolution � H R � 1�m are
shown in Figure 18. The expectedprecisionof position determination for thesetelescope
con�guration, as a function of the beam energy, is shown in Figure 19, for the DUT
thicknessesof 800and 300�m , and the distancebetweenthe �rst high-resolution plane
and DUT of 5 mm.

18



EUDET-Report-2007-01

W{W

N{W
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Figure 18: Con�gurations resulting in the best position measurement at DUT (in dif-
ferent rangesof parameters),for telescope consistingtwo high-resolutionand
two standard sensorplanes. High-resolution planes are indicated in blue,
standard planesin red and the DUT in magenta.

The dependenceof the optimal con�guration choice of the beam energy is similar to
the casewith onehigh-resolutionplane. At lowest energies,when the e�ects of multiple
scattering are dominant, best measurement is expected with W{W con�guration. At
highest energies,when e�ects of the multiple scattering are small, N{N con�guration
should be chosen. Contrary to the casewith one high-resolution plane and to con�g-
urations optimal at lower energies,in this caseDUT should be placed in the middle
betweentwo high-resolutionplanes.
Including secondhigh-resolution plane signi�cantly improves position resolution. For
beam energyof 6 GeV and high-resolution plane resolution � H R � 1�m expected pre-
cision of position determination improvesby about 0.1�m . This is shown in Figure 20
where the position resolution � D U T is shown as a function of the assumedDUT thick-
ness,� D U T and the high-resolution plane measurement precision, � H R , as obtained in
the con�guration optimal for given parametervalues. Con�gurations with oneand two
high-resolutionplanesarecompared.Largestimprovement dueto secondhigh-resolution
plane is expectedat highestenergies,whenmultiple scattering can be neglectedand the
precisionis determinedby the position measurement errorsin telescopesensors(compare
Figure 15 and Figure 19).
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Figure 19: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beam energy, for the assumedDUT thicknessesof 800�m (upper plot)
and 300�m (lower plot) and the distance between the �rst high-resolution
plane and DUT of 5 mm. Con�gurations with two high-resolution and two
standard sensorplanesare considered.

20



EUDET-Report-2007-01

1 HR layer + 3 standard layers, d min  = 5 mm

DDUT [mm]

s
H

R
  [

mm
]

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1

1.5

2

0 250 500 750 1000

2 HR layer + 2 standard layers, d min  = 5 mm

DDUT [mm]

s
H

R
  [

mm
]

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1

1.5

2

0 250 500 750 1000

Figure 20: Position resolution at DUT, � D U T , obtained for the optimal con�guration
choice, as a function of the assumedDUT thickness, � D U T and the high-
resolution plane measurement precision, � H R . Con�guration with one high-
resolution and three standard sensorplanes(upper plot) and with two high-
resolution and two standard sensorplanes(lower plot) are compared.
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Figure 21: Con�gurations resulting in the best position measurement at DUT (in di�er-
ent rangesof parameters),for telescopeconsistingonehigh-resolutionand �v e
standard sensorplanes. High-resolution plane is indicated in blue, standard
planesin red and the DUT in magenta.

4.4 Results for 1+5 and 2+4 con�gurations

We also consideredtelescope consisting of 6 sensorplanes including one or two high
resolution planes(con�gurations referredto as 1+5 and 2+4). Con�gurations resulting
in the best position measurement, for di�erent beam energiesand thicknessesof DUT,
assuminghigh-resolution planes resolution � H R � 1�m are shown in Figure 21 and
Figure 22 respectively.
The expectedprecisionof position determination for thesecon�gurations, asa function
of the beam energyis shown in Figure 23 and Figure 24. DUT thicknessesof 800 and
300�m is consideredand the distancebetweenthe (�rst) high-resolution plane and the
DUT is 5 mm.
As for 1+3 and 2+2 con�gurations, the best measurement in the low energy range is
expected for the arrangement which provides long "arms" for precisedetermination of
particle directions before and after DUT. This is required to minimize the error from
multiple scattering on the position extrapolation from the sensorplanes to DUT. For
telescope consistingof six sensorlayers it is obtained for the NW{WN con�guration.
In the intermediate energy range three to �v e sensorplanes should be placed close
to DUT. The choice depends on the DUT thicknessand di�erences between di�erent
con�gurations are not large. In the high energydomain the situation is again similar to
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Figure 22: Con�gurations resulting in the best position measurement at DUT (in dif-
ferent rangesof parameters),for telescope consistingtwo high-resolutionand
four standard sensorplanes. High-resolution planes are indicated in blue,
standard planesin red and the DUT in magenta.

that for the telescopewith four sensorplanes.As the position error at DUT is dominated
by the position uncertainties in sensorplanesit is preferableto put all planesascloseto
each other as possible,which is denotedas NN{NN con�guration. For the NN{NN
con�guration with two high-resolutionplanes(2+4) DUT shouldbeplacedin the middle
betweentwo high-resolutionplanes,as indicated in Figure 22.

4.5 Comparison of di�erent telescope con�gurations

It is clear that more telescope planeswith better position resolution always result in
better precisionfor position determination at DUT. However, it is important to under-
stand which factor results in a signi�cant improvement of telescope performanceand
which givesonly a marginal e�ect.
Comparison of the expected position determination precision for telescope with four
and six sensorplanes is shown in Figure 25. Two additional sensorplanes improve
position resolution at DUT only for energiesabove 4 GeV, when more than two planes
shouldbe placedcloseto DUT. The improvement is largestat the highestenergies.For
lowest energies,when "wide" con�gurations are preferredonly marginal improvement is
observed betweenW{W and NW{WN con�gurations.
Large improvement, up to about 0.15�m , is expected due to secondhigh-resolution
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Figure 23: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beam energy, for the assumedDUT thicknessesof 800�m (upper plot)
and 300�m (lower plot) and the distancebetweenthe high-resolution plane
and DUT of 5 mm. Con�gurations with onehigh-resolutionand �v estandard
sensorplanesare considered.
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Figure 24: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beam energy, for the assumedDUT thicknessesof 800�m (upper plot)
and 300�m (lower plot) and the distance between the �rst high-resolution
plane and DUT of 5 mm. Con�gurations with two high-resolution and four
standard sensorplanesare considered.

25



EUDET-Report-2007-01

E [GeV]

s
D

U
T
 [

mm
]

NW-WN

WN-NW

WNN-N

NN-NN

W-W

WN-

N-N

0.5

1

1.5

1 10 10
2

E [GeV]

s
D

U
T
 [

mm
]

NW-WN

WN-WW

N-NWW

NN-NN

W-W

N-W

N-N

0.5

1

1.5

1 10 10
2

Figure 25: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beamenergy, for the assumedDUT thicknessesof 500�m and the distance
betweenthe (�rst) high-resolution plane and DUT of 5 mm. Con�gurations
with six (solid lines) and four (dashedlines) sensorplanesare compared,for
telescope with one(upper plot) or two (lower plot) high-resolutionplanes.
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plane, as shown in Figure 26. Both at the intermediate and at high beam energies
precisionobtained with two high-resolutionsensorsis signi�cantly better than with one
high-resolution sensoronly. In the intermediate energyrange, the e�ect is stronger for
the larger distancebetweenDUT and �rst high-resolution plane. As before, for lowest
beamenergies,below about 2 GeV, improvement due to secondhigh-resolutionplane is
marginal. In this energyrange the precision is determined by the measurement in the
closesttelescope plane.
Show in Figure 27 is a comparisonof expectedposition resolution for di�erent distances
betweenthe high-resolution plane and DUT. For lowest beamenergiesminimizing this
distance is crucial for the preciseposition determination. By reducing the distance
between�rst high-resolution plane and DUT from 5 to 2 mm the position uncertainty
can be reducedby over 30%. With one high-resolution plane improvement is observed
up to energiesof about 20 GeV. For highest beam energiescon�guration with 2 mm
distancegives results slightly worsethan with 5 mm. This is becausemore symmetric
plane setup is preferredwhen multiple scattering can be neglected.This is event more
visible for con�gurations with two high-resolution planes. For highest energiesbest
position determination is obtainedwhenDUT is placedin the middle betweentwo high-
resolution planes.
Oneof the consideredsolutionsfor standardtelescopesensorsarethe sensorswith binary
readout. Proposed16�m pitch correspondsto the position resolutionof about 5�m (see
also Section 3.3). Expected precision of position determination at DUT, for standard
planeswith 2 �m and 5 �m resolution, is comparedin Figure 28. For telescope with one
high-resolution plane, resolution of standard planeshave large impact on the expected
position reconstruction precision. E�ects of up to 30% are expected at high energies.
However, if telescope is equipped with two high-resolution planes,no signi�cant lossof
resolution is expectedbelow 5 GeV.

5 Telescope alignment studies

All results presented so far were obtained assumingperfect telescope alignment. It
could be expectedthat they remain valid only if the sensoralignment is performedwith
precision much better than the single plane resolution. Surprisingly, proposed track
�tting method turned out to be little sensitive to telescope misalignment.
Simulation results described in Section3 has beenusedto verify in
uence of telescope
alignment on the track �tting. Many 'experiments' were performedby generatingran-
dom sensorshifts (in the plane perpendicular to the beam direction) accordingto the
assumedalignment accuracy. For each set of plane positions simulated sensorresponses
were reevaluated and track �t was repeated for every Geant 4 event. Longitudinal
position uncertainties shouldhave much smallere�ect on the telescope performanceand
were not considered.Possibleplane rotations were alsonot consideredin the presented
study.
Shown in Figure 29 are the obtained distributions of position reconstruction error at
DUT (the di�erence betweenreconstructedand true particle position), for four di�erent

27



EUDET-Report-2007-01

E [GeV]

s
D

U
T
 [

mm
]

NW-WN

WN-WW

N-NWW

NN-NN

0.5

1

1.5

1 10 10
2

E [GeV]

s
D

U
T
 [

mm
]

NW-WN

WN-WW

N-NWW

NN-NN

0.5

1

1.5

1 10 10
2

Figure 26: Expected precision of position determination at DUT, � D U T , as a function
of the beam energy, for the assumedDUT thicknessesof 500�m and the
distancebetweenthe (�rst) high-resolution plane and DUT of 2 mm (upper
plot) and 5 mm (lower plot). Con�gurations with two (solid lines) and one
(dashedlines) high-resolution planesare compared,for telescope consisting
of six sensorplanes.
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Figure 27: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beamenergy, for the assumedDUT thicknessesof 500�m . Con�gurations
with the assumeddistancebetweenthe (�rst) high-resolutionplaneand DUT
of 2 mm (solid line) and 5 mm (dashed line) are compared, for telescope
consistingof six sensorplanesincluding one(upper plot) or two (lower plot)
high-resolutionplanes.
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Figure 28: Expectedprecisionof position determination at DUT, � D U T , asa function of
the beamenergy, for the assumedDUT thicknessesof 500�m . Con�gurations
with the assumedstandard plane position resolution of 2 �m (solid line)
and 5 �m (dashedline) are compared,for telescope consistingof six sensor
planesincluding one (upper plot) or two (lower plot) high-resolutionplanes.
Distancebetweenthe (�rst) high-resolutionplane and DUT is 5 mm.
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Figure 29: Di�erence between reconstructed and true particle position at DUT, for
6 GeV electron beam. Open histograms show simulation results for four
experiments with the assumedalignment uncertainty of 4�m . For compar-
ison, results obtained assumingperfect telescope alignment are shown as a
�lled histogram.

setsof telescope plane positionsgeneratedassumingalignment uncertainty of 3�m . For
comparison,results obtained assumingperfect telescope alignment are alsoshown. The
telescope misalignment results only in the systematic shift in the position determined
at DUT. This shift is equivalent to the shift in DUT position. The width of the distri-
bution, which determinesthe precisionof the measurement is unchanged. This follows
from the equation (3). Reconstructedposition at DUT is given by a linear combination
of positions measuredin telescope layers, with coe�cien ts (elements of matrix S) de-
pending on the telescope geometryand position resolutionsin single planes. Therefor,
any constant shift in measuredposition results in a constant shift in the reconstructed
position at DUT.
Although the telescope resolution is not directly a�ected, alignment uncertainties do
in
uence the track reconstruction. This is becauseplane misalignment results in large
� 2 values, not related to the actual measurement. This is illustrated in Figure 30,
where � 2 distributions for simulated Geant 4 events are shown for four experiments
with the assumedalignment uncertainty of 4�m . For comparison, results obtained
assumingperfect telescope alignment are also shown. In two of this experiments no
event would passthe � 2 < 20 cut which was imposedto selectwell �tted events when
perfect alignment was assumed(seeSection 3). We have to concludethat with large
alignment uncertainties � 2 cut can no longer be used to remove poorly reconstructed
tracks. Therefor, e�ective telescope resolution can deteriorate slightly. It will also be
much more di�cult to match hits to the track, if multiple hits are reconstructed in
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Figure 30: � 2 distribution for simulated Geant 4 events, for 6 GeV electron beam.
Open histogramsshow results for four experiments with the assumedalign-
ment uncertainty of 4�m . For comparison,resultsobtained assumingperfect
telescope alignment are shown as a �lled histogram.

single telescope layer. In order to be able to use � 2 as a measureof track quality we
should reducealignment error to the level comparablewith position resolution in single
telescope planesi.e. few �m .
Precisetelescopealignment, taking into account not only transversebut alsolongitudinal
sensorshifts and rotations, requiresdedicatedanalysisof collecteddata. However, based
on the described track �tting algorithm we can proposea very simple method, which
can be usedto verify the transverseplane alignment with adequateaccuracy.
The expectedbeamspot sizeis too large to allow for preciseplanepositioning. Also the
beamdirection can not be usedasa constraint, due to angular spreadof incident beam
and multiple scattering in subsequent planes(especially at low energies).Therefor only
relative planepositioning is possible.We have to choosetwo planesand usethem asthe
referencefor aligning the remaining sensors.
For telescope consistingof seven planes(DUT and six sensors)the best choiceis to use
secondand the last but one plane as a reference.Only for the highest beam energies,
whenthe multiple scatteringcanbeneglected,selecting�rst and last planegivesslightly
better results. Resultsof multiple Geant 4 simulations with the assumed10 �m align-
ment uncertainty are shown in Figure 32. For each experiment, di�erence betweenthe
particle position measuredin the third telescope plane and the expectedposition (from
the �t to the secondand last but one plane) has an approximately Gaussiandistribu-
tion with a width of about 3.6�m . From this distribution position of the plane can be
establishedwith accuracyof the order of 0:1�m already with about 1000reconstructed
particle tracks.
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Figure 31: � 2 valuecorresponding to the valueof log� 2 averagedover many Monte Carlo
experiments, as a function of the assumedalignment uncertainty, � al . Band
width corresponds to the RMS of log� 2 distribution.

0

1000

2000

-50 -25 0 25 50
ymeas - yexp [mm]

N

Figure 32: Di�erence betweenparticle position measuredin the 3rd telescope planeand
the expectedposition, asobtained from the �t to the secondand the last but
oneplane,for 6 GeV electronbeam. Openhistogramsshow simulation results
for four experiments with the assumedalignment uncertainty of 10�m . For
comparison,resultsobtainedassumingperfect telescope alignment areshown
as a �lled histogram.
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Shown in Figure 33 is the expectedprecisionof particle position determination from the
considered�t to two planes,asa function of beamenergy. Two telescope con�gurations
are considered,corresponding to smallest(NN-NN ) and largest(WN-WW ) �t errors.
Even for wide telescope con�guration and low beam energies,plane alignment with
accuracyof the order of 1�m should be possiblewith reasonableevent statistics. It is
clear that the alignment proceduregivesbest results for highestbeamenergyavailable.

6 Conclusion

The main aim of the presented study wasto understandthe position measurement in the
EUDET pixel telescope and suggestthe optimum telescope planesetup, resulting in the
best position measurement. Analytical method for particle track �tting with multiple
scattering has been developed and veri�ed using Geant 4 simulation. The method
gives qualitativ e improvement as comparedto straight line �ts, and allows to use all
collectedevents in the analysisanalysis. The approach allows for analytical calculation
of the expectedmeasurement uncertainty, sothe telescope performancecould be studied
in detail without time-consumingMC simulation.
Telescope performancewas studied for setupsconsistingof four or six readout planes,
including one or two high-resolution sensors.For each setup considered,di�erent tele-
scope con�gurations (corresponding to di�erent distancesbetween planes or di�erent
plane order) hasbeencompared. It turned out that the optimum plane con�guration is
not uniquely de�ned and dependsnot only on the telescope parametersbut alsoon the
beam energyand the assumedDUT thickness. However, di�erences between con�gu-
rations optimal at di�erent parameter rangesare not large. If onecon�guration has to
be chosen,con�guration with wide telescope \arms" (W{W or NW{WN ) should be
used,as it givesmuch larger gain in resolution at low energiesthan the lossat higher
energies(as comparedto other con�gurations).
It was also con�rmed that with appropriate track �tting method con�guration with 6
sensorplanesalways give better position resolution than 4 planes,but the di�erence is
signi�cant only at high energies.
One of the important advantages of the analytical track �tting method is that it is
hardly sensitive to telescopemisalignment. Transversedisplacements of telescopesensors
result only in the systematicshift in the reconstructedparticle position at DUT, but the
position resolution remainsunchanged.Therefor, possiblesmall telescope misalignment
a�ects only the track quality estimate basedon � 2 calculation. For proper selectionof
good tracks planealignment with accuracyof few �m is su�cien t. This can be achieved
with a simpleprocedureof relativeplanealignment, basedon track �tting to two selected
planes.
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Figure 33: Expected precision of particle position determination from line �t to mea-
surements in the secondand the last but one telescope planesas a function
of beamenergy, for the assumedDUT thicknessesof 500�m . Position deter-
mination in remaining telescope planesas well as in DUT are consideredfor
NN-NN (upper plot) and WN-WW (lower plot) con�gurations.
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