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Abstract

This note describes the systematic study made of the resolution of the LHCb
VELO telescope used in the Autumn 99 test-beam. Measurements were made of
the resolution for each region of both the LHCb R and @ vertex detectors. The best
value obtained for a 40pm pitch detector was 5.8 + 0.5 pm, which is comparable
to the 6.0 pm prediction of the Technical Proposal. At larger pitches, it was found
that the resolutions deviate from those given in the Technical Proposal e.g. for an
80 pm detector a resolution of 15.4 &+ 0.3 pm is compared to the Technical Proposal
value of 10 pm.
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1 Introduction

This note describes the study of the first prototype detectors for the LHCb VErtex
LOcator. Data was taken during testing in the West Area (X7) at CERN in September
1999. The telescope, which is identical to that used in the Autumn 1998 test-beam, is
described in further detail in section 2 along with a brief resume of the R and ¢ vertex
detectors themselves.

Also in the beam were a number of test detectors such as an irradiated VErtex LOcator,
similar to those in the telescope, and detectors fitted with the “new” SCTA chip. The
results from testing these detectors will not be described in this note.

Section 3 describes the VELO test-beam analysis code, while section 4 presents results
on detector resolution.

2 The LHCb VELO and Test-Beam Telescope

2.1 R and ¢ Detectors

The LHCb VELO will consist of a number of stations of silicon discs. In the Technical
Proposal [1], each disc comprises six sectors (each sector having approximately a 72°
coverage). Each station will include a disc of both R and ® measuring detectors, separated
by typically 2-5 mm. Each detector covers a distance from 1 ¢cm to 5 ¢m radially from
the beam axis and the AC coupled strips of both detectors are read out via the routing
lines found in the second metal layer.

The R measuring detector can be divided into four sections (a shown schamatically in
figure 1). The first two sections (0, 1) can be found within the first 1.8 cm as measured
radially from the beam axis. They consist of “half” strips that cover only half of the
angular distance of the detector and have a strip pitch of 40 um. The next section covers
the distance to 2.8 cm on the detector. Again the strip pitch is 40 um, however in this
section the strips cover the full angular distance of the detector. The final section is
comprised of full strips with a pitch of 60 pm and runs from 2.8 cm to the end of the
active area of the detector.

The ® measuring detector consists of only two regions (figure 2). Unlike the R detector
the strip pitch is not constant over the strip’s length and there is also a 5° stereo angle.
In the inner region of the detector (up to 2.8 cm) the strip pitch varies from 45 pm to 126
pm. From 2.8 cm to the end of the active area the pitch varies from 44 pm to 79 pm.

2.2 The Test-Beam Telescope

The detector telescope used in the 1999 Autumn test-beam is similar to that used in the
previous year. However, six of the previously used detectors removed. Detectors were
removed from one side, essentially leaving the telescope with a row of detectors, three R
measuring and three ® measuring, equipped with VA2 readout electronics.

A diagram showing a schematic layout of telescope can be found in figure 3. It shows
the pairs of detectors (one R measuring detector and one ® measuring detector separated
by a distance of the order of a few mm) with a distance of approximately 4cm between



each pair, as consistent with the design of the Technical Proposal [1]. The centre pair of
detectors has been flipped by 180° to take full advantage of the ® stereo angle.

3 VELO Test-Beam Analysis Code

All the analysis described below has been executed using the LHCb VELO test beam
software (for a more detailed description see [2]).

The software is based around the ROOT framework and makes full use of it’s many fea-
tures. Data is stored in ZEBRA FZ files and is converted to a ROOTDB within the VELOROOT
analysis code and returned in the form of a ROOT output file. The global frame of reference
is defined relative to the R and ® measuring planes of the detectors, where the z axis is
in the direction of the beam. Track fitting is performed by the TestBeamTrack class in
the VELOROOT software. The trackfit takes a ClusterSet (a minimum of 6 clusters, one
per detector, is required) and iteratively finds the track with the lowest x? through each
detector. Furthers details of how this algorithm works can be found in [2] or [3].

The detectors within the telescope were aligned using the MINIMIZE method in TMinuit.
First, a “fast track fit” together with the alignment class is used to fix the first R detector
and the z position of the second R detector. Minuit is then run with 30 free parameters
until a set of alignment constants is found. There are 6 alignment constants utilised in
the VELOROOT code. Three account for displacements along the x, y and z axes, measured
in cm. Alpha accounts for a rotation in the z axis, beta the 1’ axis rotation and gamma
the x" axis rotation. Each are measured in radians.

For a full alignment, two alignment files are required, FLIP and ROTATE. FLIP is needed
to specify the rotations necessary to put the detectors in their nominal positions in the
xy plane. ROTATE gives the small angular deviations and linear displacements necessary.
Generally it is only the latter that is altered by software alignment.

The ROOT output files, as produced by the software, contain all histograms neccesary
for an analysis, from basic cluster level histograms to those used in more complex analyses.
The majority of histograms shown below have been produced in this manner.

4 Telescope Resolution

4.1 Experimental Procedure

Both the test-beam telescope and detectors under study were tested in 120GeV /¢ muon
test-beam in the CERN SPS. They were sealed in a darkened box which was connected
to a cooling pump, necessary to simulate real working conditions, particularly for the
irradiated detector present. Approximately midway through the beam run period an air
blower was added to the set-up as it was suspected that the low temperature was the
cause of low gain on the first/last channels of the VA2 chips.

The main purpose of the telescope in this beam test was to provide the reconstructed
tracks to be used in analysing data for the detectors under study (in this case an irra-
diated DELPHI module and an irradiated LHCb R detector fitted with SCTA readout
electronics). The two scintillators also present provided the trigger due to particles cross-
ing the test beam setup. To ensure that good quality data were provided for analysis of



the detectors under study, a full understanding of the operation of the telescope is needed.
The remainder of this note provides a description of the study of the spatial resolution of
the R and ® detectors with the test-beam telescope.

4.2 Analysis

To ensure high quality data, a systematic study was therefore made of the track fit
residuals for each region of each detector. Here the residual is defined as being the
difference between the reconstructed track and cluster centre as given by the software
described in section 3. For the R/® detectors respectively, plots were made of the residual
distribution with respect to R and ® for each region of the detector (figures 1 and 2) and for
each possible combination of regions within the telescope. The combinations are defined
as the region in detector for each subsequent detector in the telescope, i.e. R,®,R,®,R,®.
For example combination 1,0,0,0,1,0 corresponds to a track through the inner regions of
each detector in the telescope (see figure 3). Since there are a considerable number of
combinations with very few or zero entries, a minimum number of 50 entries was set to
produce a distribution of means with respect to combination of regions (see figure 6). The
mean of this plot for a well aligned telescope should be zero and figure 6 clearly shows
that this is the case. For some combinations of regions small offsets are seen, although
these are by no means in the majority. Investigations into which regions cause such offsets
found that a small percentage are difficult to obtain physically and could become a subject
of further study.

Shifts due to environmental changes were also investigated. Among the most notable
was perhaps the change in temperature due to the hot air blower. Large statistic studies
of before and after show that the residuals produced are consistent within experimental
error (see figures 4 and 5). It was also neccesary to investigate the quality and stability of
the telescope alignment. Figures 7 and 8 show that no correlation can be seen between the
distribution of residual means with respect to run number. Here the mean is that given
by the Gaussian fit. Figure 9 shows the total and projected angle at which the track hits
the telescope. When compared to a track that hits straight vertical strips perpendiularly,
the projected angle is the angle at which the track moves to affect the charge sharing
on the strips. The non-linearity of the strips has been accounted for when finding this
angle. It is found to be less that 2° for all regions of all detectors, although for the R it
is actually 0.4°.

4.3 Intrinsic Spatial Resolution

To determine the spatial resolution of each detector, single Gaussian fits were made to the
projected residual distributions of the detectors in the telescope. These were found for
each region of the detectors as well as each possible combination of regions for systematic
studies. It can be shown that for three detectors, equally spaced, the true resolution
is equal to the scaled width of the residual distribution. For the middle detector in

the telescope, the residual width is divided by \/% This factor is \/% for the outer
detectors. This is true only for the special case of equal z-spacing.

Figure 10 shows the projected residual distribution for the area covered by strips with
a 40 pm pitch (left-hand side) and the 60 pm region (right-hand side) of the R detector.



For the 40 pm regions of the central R detector (detector 4 in the plots) a residual width
of 5.5 pum gives a spatial resolution of (6.8 + 0.1) gm. This compares well with the outer
detectors, giving resolutions of 6.2 ym and 7.4 pm.

The residual width of the 60 pum region of the same central R detector is 9.4 pm and
thus gives a resolution of (11.5 4+ 0.1) ym. Again a reasonable comparison can be made
with the detectors 2 and 6, having resolutions of 10.7 ym and 13.1 pm respectively.

Theoretically, it can be shown that the resolution of a microstrip detector is related
to the pitch by

pitch
T )
where x is a factor taking into account the greater detail present due to charge sharing
with analogue readout as compared to no charge sharing as with digital readout. For
digital readout, this factor is one.

For a pitch of 40pum, this factor is 1.8 for an R measuring VELO which suggests that
there is a large amount charge sharing. Using this value of x and equation 1 a value for
the resolution of a 60 pum pitch detector was found to be 9.7 pm. This is less than the
value found from the test-beam data, suggesting that there is less charge sharing at a
greater pitch. Consistent with this, a value of x = 1.5 was found using the data from the
60 pum regions of the detectors in the telescope.

As described in section 2.1, the pitch of a ® measuring detector varies with radius
thus a relationship between pitch and resolution is required. For each of the regions of
the detector a histogram of track residual (in cm) as a function of pitch was plotted. The
pitch was then divided in sections and a Gaussian fitted to the residual projection of each
"slice”. Histograms of the means and widths of these fits were plotted and the subsequent
minimum x? fit leads to a relationship of the form:

flz) =p0+plsx (2)

Figure 12 shows that for the inner region of the detector, where the pitch varies from 45
pm to 126 pm, the resolution varies as:

resolution = (0.23 £+ 0.01) x pitch — (4.6 + 0.9) (3)

Similarly for the outer region, where the pitch varies from 44 um to 79 pum,

resolution = (0.21 £ 0.01) * pitch — (3.4 £ 0.4) (4)

Although not necessarily expected, straight line fit gives a good relationship between
pitch and resolution to first order. Thus using relationships 3 and 4, predictions for the
resolution at inner and outer most points of each region can be made. These are shown
in table 1.



Detector Pitch (um) | Resolution (pm) X
®: Inner region 45 5.8 £0.5 22+£0.2
®: Inner region 126 246 £ 14 1.5+ 0.1
®: Outer region 45 58 £0.5 22 +0.2
®: Outer region 79 12.8 £ 0.7 1.8 £ 0.1
R: Inner region 40 6.8 £ 0.1 1.7 £ 0.2
R: Outer region 60 11.5 £ 0.1 1.5 £ 0.1
Table 1: Table of resolutions.

Pitch (gm) | TP (um) | R (um) O (pum)

40 6 6.8+ 0.1 | 5.3 +0.2

60 - 11.5£0.1 | 104 £ 0.3

80 10 154 £0.1]154+£03

Table 2: Table of Resolutions, predicted values for 80um to compare with those given in
the Technical proposal (TP).

5 Conclusions and the Future

The results presented here show that, for the beam telescope used in the Autumn 99
test-beam, a comparison can be made with resolutions that are given in the Technical
Proposal. Values for the 40pum and 80um regions of the prototype R detector are given
to be, for double (single) hit clusters, 6um (9um) and 10pum (18um) respectively. The
Level-1 - Level-3 triggers require the vertex detector to be aligned to a precision better
than the reconstructed cluster position of 6um [1].

From equation 1, a value for the resolution of an 80um pitch detector such as that
found described in the LHCb Technical Proposal may be found. Table 2 gives a prediction
using a value of x = 1.5 i.e. that obtained from the 60um region of the R detector. Figure
13 consolidates the results described in section 4.3. From this plot a general relationship
between pitch and resolution for an LHCb-VELO detector may be obtained.

resolution = (0.254 4+ 0.003) * pitch — (4.9 £ 0.1) (5)
Again, it is not expected that this relationship be exactly linear, however relationship 5
gives resolutions that are good to first order. It is also worth noting that the two filled
circles at 40 pm and 60 pm, corresponding to resolutions obtained for the R detectors, are
consistent with values obtained from the ® detectors. Using relationship 5 predictions for
® detector resolutions comparable to those from the Technical Proposal may be made.
These are shown in table 2.

From these results it is clearly seen that the predictions of the Technical Proposal are
inaccurate at larger pitches.
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Figure 1: A Schematic layout of the detector regions in the R Detector, dashed lines show strips.
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Figure 2: A Schematic layout of the detector regions in the ® Detector, dashed lines show strips.



a
d 3d0ISPR T
WedIg-)Sa |

ed in the Autumn 1999 Test-Beam. Dashed

1,0,0,0,1,0.

of the Test-Beam Telescope us

Figure 3: A Schematic Layout

of region

of the track for combination

shows the position

line



TrackFit Residuals R Detector 2 and Regions 3,3,3,1,1,1
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Figure 4: Track residuals for one R detector and one combination of regions for those runs before the
air blower was switched on.
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TrackFit Residuals R Detector 2 and Regions 3,3,3,1,1,1
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Figure 5: Track Residuals for one R detector after the air blower had been switched on. A comparison
between this and figure 4 shows that switching on the air blower had little effect on the resolution of the
detectors.
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Distribution of means for all detectors

16 Nent = 42
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Figure 6: Distribution of residual means (cm) with respect to combination of region. A mean of 0.1
pm suggests that the detectors are reasonable well aligned within the telescope.
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Distribution of means over many runs for Detector 2 and Region 0
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Figure 7: Distribution of means (cm) over many runs for the inner regions (left) and outer
each R detector.

13

(right) of



Distribution of means over many runs for Detector 3 and Region 0

2
012
[[Nent = 62
oosfMeanx= 452
[Mean y = 2.482e-05
0.06fBRMS X = 105.9
FRMS y =0.0001896 -
oodf- 0 0 0 . -
F 0 62 o0 - . .
0.02- 0 0 0 "
o alcnm Ty .
0,02 . - -
-0.04f~ : .-
-0.06f
-0.08-
oab v U b b ]
100 200 300 400 500 600
RUN No.
Distribution of means over many runs for Detector 5 and Region 0
01402
“ENent =62
.08 Mean x = 454.6 . .
[ Mean y = -5.726e-05
0.06FRMS x = 104.8
[ RMS y =0.0002901
0.04f- o
o 0o 61 0 . -
002f—0 1 0 .
°F v ....a. - T
-0.02f ) . -
-0.04f- . .
-0.06f~ - )
-0.08f- .
P S R R R B
‘100 200 300 400 500 600
RUN No.
Distribution of means over many runs for Detector 7 and Region 0
0.174C
[Nent = 62
o.0gMean x = 452
[Mean y = 5.302e-06
0,08 BMS x = 105.9
[RMS y =0.0001373 .
oo 0 0 0
F 0 62 0
ood—0 0 0 - -
o HE | . " - -
002~ -
-0.04f -
-0.06f-
-0.08f~
oab v U e ]
100 200 300 400 500 600
RUN No.

Distribution of means over many runs for Detector 3 and Region 1

01402
[ Nent = 62
0.08fMean 452
I Mean y = 3.335e-06
0.06fRMS x = 105.9
[RMS y =1.44e-05
oo~ 0 0 0
[ 0o 62 0
0of—0 0 0
o CEL e A .
-0.02F
—0.04:—
-0.06F~
-0.08—
ol v b by b b )
100 200 300 400 500 600
RUN No.
Distribution of means over many runs for Detector 5 and Region 1
01407
[ Nent = 62
o.0sfMean x = 449.9
[ Mean y = -7.367e-06
0.06fFRMS x = 105.6
[RMS y =6.409e-05
oaf- 0 0 0
[ 0 61 0
0.02|- 0 1 0
o LT <
-0.02F~ .
-0.04F~ .
-0.06f~
-0.08f~
oabe e U
100 200 300 400 500 600
RUN No.
Distribution of means over many runs for Detector 7 and Region 1
01 10"
[ Nent = 62
o.osfMeanx = 452
[ Mean y = 2.184e-06
0.06|-RMS x = 105.9
[ RMS y =1.463e-05
oosf- 0 0 0
o 0o 62 o0
0.0 0 0 0
0:— * et o R R T N s
002~
.04
-0.06f—
-0.08F~
o by by b b )
100 200 300 400 500 600
RUN No.

Figure 8: Distribution of means (cm) over many runs for the inner regions (left) and outer
each ® detector.

14

(right) of



Projected angle of tracks for all R detectors Projected angle of tracks for all Phi detectors
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Figure 9: Projected (top) and Total (bottom) Angle of Tracks for R (left) and & (right) Detectors. All
angles are within 2°.

15



TrackFit Residuals Detector 2 and Region 0
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Figure 10: Track Residuals for the inner (left) and outer (right) regions of the R detector.
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Figure 11: Track Residuals for the inner (left) and outer (right) regions of the & detector.
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Variation of the resolution of a ® detector as a function of pitch for the inner (left) and
outer (right) regions.
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Resolution vs pitch: all detectors
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Figure 13: Variation of the Resolution as a Function of Pitch for all detectors. Circles: R detector

resolutions. Triangle: ® detector resolutions.
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