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Chapter 7

Weak mode misalignments in
J/ψ → µ+µ− events

The knowledge of the exact position of the detector elements in ATLAS de-
termines the resolution with which a particle trajectory can be reconstructed.
Uncertainties in the positions of the detector elements in ATLAS are present
due to the limited precision from the building and installation of the detectors
and as a result of movements over time. Alignment algorithms use the infor-
mation of the hit residuals of a large numbers of tracks to estimate with high
precision the shifts of the detector elements relative to their nominal position.
Certain types of systematic shifts of the detector elements, so-called ‘weak
mode’ misalignments, can not be solved by these standard alignment algo-
rithms working with hit residuals. The weak modes introduce a significant
bias in the reconstructed momenta of the measured particles while leaving the
hit residuals unaffected. This chapter shows how the use of a mass constraint
in J/ψ → µ+µ− events can be used to correct biases in the reconstructed
momenta induced by weak mode misalignments.

7.1 Inner detector alignment

To fully profit from the performance of the ATLAS inner detector, the best
possible knowledge of the position of the detector elements is essential. The
“as-built” precision is O(100) µm as determined from survey data of the inner
detector before installation in the ATLAS cavern. The module positions need
to be determined with a precision of approximately 10 µm or better in the
bending plane [24], to ensure that the misalignment of silicon modules does not
inflate the track parameter uncertainties by more than 20% above the intrinsic
resolution at high pT . For precision measurements, such as for example the
mass of the W-boson, an understanding of the module positions at the level of
1 µm or better is required.

After assembly and survey, a nominal detector geometry is used to represent
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the best knowledge of the module positions. Subsequent alignment parameters
quantify the change in position and rotation of the detector elements over time,
relative to the nominal detector geometry. The track-based alignment proce-
dure [65] uses a large sample of tracks to determine the alignment parameters
that minimize the hit residuals.

Another way to monitor movements of the detector elements uses a hardware-
based alignment procedure. Hardware alignment is available in the SCT, which
has been equipped with a Frequency Scanning Interferometry (FSI) optical
alignment system [66]. The FSI system is capable of monitoring micron-scale
motions of the detector on a time scale as short as 10 minutes. Although
this system can not derive the full set of alignment constant needed to deter-
mine the exact module position, it complements the track-based alignment by
providing information of movements of the detector elements over time.

7.1.1 Track-based alignment

The track-based alignment algorithms have the task to determine and update
the alignment parameters. For the ATLAS inner detector, the smallest compo-
nents that are aligned are the numerous detector modules: 1744 pixel modules,
4088 SCT modules and 136 TRT modules. Six alignment parameters are de-
fined for each detector element: three for their position and three for their
rotations, so that aligning the detector leads to solving a system with 35,808
degrees of freedom.

Alignment parameters for the inner detector are derived from a dedicated
stream of tracks, selected at a rate of ∼10 Hz, which means that the alignment
parameters can be updated every 24 hours. To reach a precision of 10 µm
on the silicon-module positions, approximately one million tracks with various
topologies have to be selected within this 24 hour period and written out to
the calibration and alignment stream.

Several different alignment methods are available in ATLAS [65] to obtain
a set of updated alignment parameters. The main ingredient for track-based
alignment approaches is that for a perfectly aligned detector all the hit residual
distributions are centered around zero with a width determined by multiple
scattering and the intrinsic detector resolution. The global χ2 method [67] is
one example of a track-based alignment method that obtains the alignment
parameters by minimizing the sum of χ2-values of a large number of tracks.

7.1.2 Alignment results using cosmic tracks

At the time of writing this thesis, no LHC collisions were available to pro-
vide a track sample for alignment. However, using tracks measured in events
from cosmic muons intersecting the detector, a first attempt to determine the
alignment parameters was made. Figure 7.1 shows the residual distribution in
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the precision coordinate as measured in SCT barrel modules, using the nom-
inal geometry and the aligned geometry [68]. It can be seen that the original
“as-built” precision (without alignment) is 182 µm and that after alignment
the width of the residual distributions is reduced to 28 µm, very close to the
intrinsic resolution of the silicon strips of 23 µm.

Figure 7.1: Residual distribution in the precision coordinate as measured in the
SCT barrel modules, integrated over all hits-on-tracks in the SCT barrel for the
nominal geometry and the preliminary aligned geometry [68].

7.1.3 Alignment results using simulated data

A realistic ‘data challenge’ [16], using millions of simulated events, was made to
check the performance of the various algorithms in ATLAS. Within the context
of this data challenge the inner detector alignment algorithms were tested
using simulated events with a misaligned detector geometry. The misaligned
geometry introduced a number of systematic displacements and rotations of
large and smaller-scale structures on top of a smaller random misalignments
at the module level. The alignment algorithms used this data to obtain an
aligned geometry of the inner detector, based on high-pT muons and cosmic
rays. The study showed that after the alignment residual distortions of the
detector geometry remained [16], which were observed to be much smaller
in the barrel than in the end-cap region of the inner detector. This can be
explained by the presence of cosmic tracks in the alignment sample, that pass
mostly through the barrel region and can remove some of the effects of the
systematic displacement of the detector.
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Figure 7.2 shows the reconstructed di-muon mass in Z → µ+µ− events after
alignment, as well as the result obtained without misalignment (’Ideal layout’).
After alignment the Z mass resolution is 3.9 GeV 1, compared to a resolution
of 2.6 GeV for a perfectly aligned detector [16]. The difference between the
aligned and ideal layout indicate the presence of residual alignment distortions
after the first-pass alignment.
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Figure 7.2: Difference between the reconstructed and true mass of di-muon pairs,
as obtained from simulated Z → µ+µ− events with a perfectly aligned (ideal) in-
ner detector and for the aligned inner detector using the results from the ATLAS
alignment algorithms [16].

A measure of the residual distortions is extracted, as will be done with
real data, by searching for possible asymmetries between the pT -spectra of
negative and positive muons in Z → µ+µ− events. This is illustrated in fig-
ure 7.3 which clearly demonstrates a significant charge asymmetry in the events
obtained in the aligned geometry. The charge asymmetry indicates a shift in
the reconstructed curvature as a result of “left over” systematic deformations of
the detector geometry. These systematic deformations are not (or only weakly)
constrained by the minimization of the hit residuals and are commonly referred
to as weak mode misalignments. These types of misalignments are discussed
in the next section.

7.2 Weak mode misalignments

Weak modes represent systematic deformations of the detector which affect
the reconstructed track parameters but are not (or only weakly) corrected by

1It should be noted that a width of 3.9 GeV is an impressive result, given that
the Z peak was not even visible before alignment.
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Figure 7.3: Asymmetry between negative and positive muons as function of pT ,
as obtained from simulated Z → µ+µ− events with a perfectly aligned (ideal) in-
ner detector and for the aligned inner detector using the results from the ATLAS
alignment algorithms [16].

minimization of the hit residuals from tracks that originate from the interac-
tion point. Figure 7.4 illustrates a weak mode misalignment where the shift
in the φ-coordinate increases as function of R, which results in an incorrect
curvature reconstruction. These detector shifts do not change the hit residu-
als significantly and thus would not be corrected by the standard alignment
procedure based on minimization of the residuals.

The existence of weak modes is a result of the cylindrical symmetry of the
detector in combination with using tracks that originate from the interaction
point. When using a large set of tracks that originate from the center of
the detector, the standard alignment procedure settles on a geometry that
minimizes the hit residuals in which a systematic detector deformation can
remain.

The cylindrical symmetry of the ATLAS detector results in nine different
weak modes, based on the correlation between the cylindrical detector coordi-
nates: R, φ and Z. Table 7.1 summarizes the different types of weak modes
that are based on a shift of the detector position in one of the cylindrical
coordinates as function of one of the coordinates.

The presence of weak modes in the detector geometry lead to a bias on
the reconstructed track parameters, so eliminating weak modes is of vital im-
portance for achieving the full physics potential of ATLAS. Using tracks that
are not originating from the interaction point, such as cosmic-ray tracks or
tracks from the beam halo, help to eliminate certain weak modes. However,
compared to the number of tracks produced in proton-proton collision events,
the statistics of these types of tracks are limited and do not cover the full inner
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Figure 7.4: Illustration of the effect of a weak mode misalignment where the
detector elements are moved by ∆φ as a function of their radial distance of the
interaction point. The hit residuals of the reconstructed track (dashed line) are not
increased by the position shifts, but its curvature is different from the real track.

∆R ∆φ ∆Z

R Radial expansion Curl Telescope

φ Elliptical Clamshell Skew

Z Bowing Twist Z expansion

Table 7.1: Naming convention for the nine types of weak modes in ATLAS. ∆R,
∆φ and ∆Z indicate the cylindrical coordinate that is shifted and R, φ and Z
indicate the cylindrical coordinate to which the shift is proportional.

detector geometry2.

Another way to constrain weak mode misalignments is by using track pairs
from well-known decays, for example Z or J/ψ to two muons. Fitting these
tracks to a common decay vertex and a known invariant mass provides sensi-
tivity to systematic correlations between different detector elements.

This chapter focuses on the study of weak mode misalignment using a mass
constrained vertex fit in J/ψ → µ+µ− events.

2Cosmic muons are almost exclusively reconstructed in the barrel and the beam
halo tracks are only reconstructed in the very forward detector region.
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7.2.1 Effect of weak modes on J/ψ mass

A mass constrained vertex in J/ψ → µ+µ− events only helps to correct weak
modes that affect the reconstructed invariant mass of the J/ψ . For this reason,
a simple toy model was developed to study the various weak modes and to
assess which have a significant effect on the reconstructed invariant mass.

The toy model simulates two tracks with an invariant mass equal to the
J/ψ mass. Measurements of each track are simulated as the intersection points
of the track with a set of 10 cylinders. The radius of the cylinders are chosen so
that they represent the actual ATLAS inner detector geometry: three cylinders
represent the pixel barrel layers, four cylinders represent the SCT barrel layers
and three cylinders are used to represent measurement at the inner, middle and
outer radius of the TRT barrel. In reality, the TRT modules provide many
more measurement points, but within the toy model this approximation is
sufficient. Figure 7.5 shows an example of two tracks and their measurements
as simulated by the toy model.

The intersection points are calculated using the assumption of a solenoidal

TRT

SCT

pixel
R0=50.5 mm
R1=88.5 mm
R2=122.5 mm

R3=299 mm

R4=371 mm

R5=443 mm

R6=514 mm

R7=800 mm

R8=1025 mm

R9=1250 mm

Figure 7.5: XY-display of a J/ψ → µ+µ− event simulated by the toy model. The
circles indicate the intersection points of the generated track with the 10 cylinders
that are used as a simplified representation of the inner detector.
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magnetic field of 2 T, so that the simulated track represents a helix curving
in the XY-plane. The toy model uses the intersection points as measurements
from which the muon track parameters are reconstructed. Without misalign-
ment the results of model confirmed that the momenta (and invariant di-muon
mass) is reconstructed correctly. In this configuration the toy model represents
a ‘perfect’ detector.

Systematic shifts are applied in the toy model, for example ∆φ = c · R to
simulate a ‘curl’ misalignment, after which the shifted hit positions are used
to reconstruct the muon track parameters. Each shift is multiplied by a scale-
factor so that the shift ∆M of the reconstructed J/ψ mass can be studied
as function of the amount of misalignment that is applied to the system. A
scale-factor of 1.0 corresponds to a ‘reasonable’ misalignment of the detector
where the maximum shift of an SCT module is 200 µm3.
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Figure 7.6: Average shift in mass as a function of scale-factor in the nine different
weak modes as predicted by the toy model simulating J/ψ → µ+µ− events. Scale-
factor = 1 corresponds to a maximum shift of 200 µm of the outermost SCT modules.

Figure 7.6 shows the average shift in the reconstructed J/ψ mass as a
function of scale-factor in the nine different weak modes as predicted by the
toy model. The figure shows that ‘curl’ and ‘twist’ are weak modes that affect
the reconstructed J/ψ mass the most, with an average mass shift of 5-10 MeV
at scale-factor=1.

Curl and twist are both weak modes that shift the hit positions in φ, so that
an effect on the reconstructed curvature of the tracks was to be expected. Other
types of weak modes may introduce measurable biases in other reconstructed

3The “as-built” precision was seen to be of the order 200 µm, so weak modes
where shifts of the detector elements are greater than this are unlikely to occur.
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track parameters (such as the impact parameter, d0) but these can not be
corrected using a mass constrained vertex fit. For this reason the rest of this
chapter will focus on studying J/ψ → µ+µ− events reconstructed with a ‘curl’
or ‘twist’ misalignments in the ATLAS inner detector.

7.2.2 Simulation of weak modes in ATLAS

The remainder of this chapter shows results obtained with Monte Carlo sam-
ples produced using a full simulation of the ATLAS detector response with
generated J/ψ → µ+µ− as input. The generated events were required to have
both muons in the region |η| < 2.5 and one muon with pT >9 GeV, to simulate
events that will be selected by the single muon trigger in ATLAS.

Sets of alignment parameters are available to introduce specific weak modes
in the detector [69] during the event reconstruction. In these sets, the align-
ment parameters that simulate the curl and twist weak mode were chosen such
that the maximum shift of an outermost SCT barrel module is 200 µm, similar
to what was used in the toy model4. The realistic detector simulation can not
create a perfect weak mode misalignment in the detector as the alignment pa-
rameters provide limited degrees of freedom for shifting the hit positions [69].
For example one TRT module contains multiple hit positions and the align-
ment parameters allow only the TRT module as a whole to be shifted/rotated.
Nevertheless, the weak mode geometry in the full simulation samples are ex-
pected to produce approximately the same effects as observed with the toy
model.

7.3 Curl misalignment

The curl misalignment is expected to result in a reconstruction bias in q/pT of
the tracks which subsequently leads to an effect in the reconstruction of the
invariant mass. The reconstruction bias introduced by the curl misalignment
will first be quantified, after which the results using a mass constrained vertex
fit will be discussed.

7.3.1 Reconstruction bias

Figure 7.7 shows the difference between the reconstructed and true value of
q/pT of the tracks reconstructed with and without the curl misalignment in the
simulated ATLAS samples. The resolution of q/pT decreases with increasing
value of pT , so a cut on minimum pT of 9 GeV was applied to make the
reconstruction bias more clearly visible. The curl misalignment is observed to

4The toy model was in fact based on the proposed maximum shift of the align-
ment group.
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introduce a shift in the reconstructed value of q/pT that is equal to (−2.24±
0.05) · 10−3 GeV−1.
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Figure 7.7: Difference between the reconstructed and true value of q/pT of the inner
detector tracks in J/ψ → µ+µ− events with a curl misalignment in the detector,
result shown for all tracks with pT > 9 GeV.

A bias in the reconstructed value of q/pT of the tracks will affect the re-
constructed invariant mass. However, if the negative and positively charged
muons have the same transverse momentum they each get an equal but op-
posite shift in their transverse momentum so that the reconstructed mass is
practically unchanged. For this reason the effect of the curl misalignment on
the reconstructed mass was studied as a function of the pT difference of the
muons from the J/ψ decay.

Figure 7.8 shows the reconstructed di-muon mass as a function of the pT
difference between the positively and the negatively charged muon for events
reconstructed with and without the curl misalignment. It can be seen that
the introduction of curl misalignment in the detector geometry results in an
approximately linear dependency of the reconstructed mass versus the muon
pT difference. The results of the curl misalignment obtained with the realistic
detector simulation show an excellent agreement with the prediction from the
toy-model. Figure 7.8 also shows the χ2 distribution for fitted tracks with
and without curl misalignment. The χ2 distribution is not greatly changed by
using the curl geometry, indicating that a true weak mode was introduced in
the detector geometry.

7.3.2 Mass constrained fit results

The use of the mass constrained vertex fit to remove the q/pT shift introduced
by the curl misalignment was studied using J/ψ → µ+µ− events. The resolu-
tion of the reconstructed value of q/pT depends on the transverse momentum
pT of the muon tracks. For this reason the difference between the reconstructed
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Figure 7.8: Effects of curl misalignment: (left) Reconstructed di-muon mass as a
function of the pT difference between the positive and the negative muon and (right)
χ2 per degree of freedom, for tracks reconstructed in the inner detector.

and the true value of q/pT was studied at various intervals of pT . The reso-
lution of q/pT is defined as the width of a Gaussian fit to these distributions
and the average shift in q/pT is quantified by the mean of the fits.

Figure 7.9 shows the resolution and average q/pT shift as a function of
the transverse momentum of tracks reconstructed with the curl misalignment.
The first plot shows that the resolution of both fitters decreases for tracks
with lower pT values. The result of the default vertex fitter in the right-hand
plot shows that the shift in q/pT is more or less constant as function of the
transverse momentum of the track, while after the mass constrained vertex fit
the average shift in q/pT of the reconstructed tracks depends strongly on the
transverse momentum of the tracks.

This difference in behavior can be explained as follows: Since the fit is
required to minimize a χ2-function that includes the errors of the original
track fit, the fit attempts to satisfy the mass constraint by applying a bigger
correction on the q/pT of the lower pT track, as it has the largest error. For
tracks with pT > 9 GeV, figure 7.9 shows that the shift in q/pT is closer to
zero when using the mass constrained fit, indicating that for these tracks the
q/pT shift introduced by the curl misalignment is partially recovered.

In order to improve the results obtained with the mass constrained vertex
fit, the fit is repeated after increasing the error of the curvature of the tracks
with an additional value of 0.03·10−3 GeV−1. This error is huge in comparison
to the actual error of the momentum fit, as can be seen from the resolution-
plot in figure 7.9, so it essentially gives the mass constrained vertex fit a much
larger freedom to alter the curvature of both tracks. Figure 7.10 shows the
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Figure 7.9: Resolution (left) and average shift (right) of q/pT of the track parame-
ters at vertex versus the transverse momentum, obtained with the two vertex fitting
methods.

results in resolution and average shift of q/pT as a function of the transverse
momentum when using this error-scaling in the mass constrained vertex fit.
The addition of the error-scaling allows most of the q/pT shift to be recovered
for tracks with pT > 9 GeV, while for tracks with lower pT the average shift in
q/pT remains close to its original value.
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Figure 7.10: Resolution (left) and average shift (right) of q/pT of the track pa-
rameters at vertex versus the transverse momentum obtained with the two vertex
fitting methods, using very large errors for q/p of the input track parameters in the
mass constrained vertex fit.

7.4 Twist misalignment

The ‘twist’ weak mode shifts the measured position in ∆φ as a function of
z. This results in a bias of the curvature of tracks, with the value of the bias
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depending on the angle θ of the tracks. For tracks coming from the interaction
point, the Z-position of a measurement along the track can be related to the
radial position R by: R

Z
= sin θ

cos θ
= tan θ. Shifts of the detector elements in ∆φ

versus R (curl) were demonstrated to create a bias in the reconstructed value
of q/pT , so for twist misalignment the expected effect is a shift in q

pT
× tan θ.

Since pT/pZ = tan θ, the twist misalignment creates a bias in the reconstructed
value of q/pZ .

7.4.1 Reconstruction bias

Figure 7.11 shows the difference between the reconstructed and true value of
q/pZ of the tracks reconstructed with and without the twist misalignment for
tracks with a minimum pZ of 15 GeV. The twist misalignment is observed to
introduce a bias in the reconstructed value of q/pZ of (-0.97±0.03)·10−3 GeV−1.
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Figure 7.11: Difference between the reconstructed and true value of q/pZ of the
inner detector tracks in J/ψ → µ+µ− events with a twist misalignment in the
detector, result shown for all tracks with pZ > 15 GeV.

In the same way as the curl misalignment leads to a mass dependency on
the muon pT difference, the twist misalignment leads to a mass dependency
on the pZ difference of the two muons from the J/ψ decay. Figure 7.12 shows
the effects of the twist misalignment on the reconstructed invariant mass as
function of the pZ difference of the muons and also shows the χ2 per degree of
freedom of the reconstructed tracks. The effect on the reconstructed J/ψ mass
obtained with the realistic ATLAS simulation shows an excellent agreement
with the linear dependence predicted by the toy model. It can be seen that
the χ2 of the fitted tracks is not significantly changed by the twist geometry,
indicating that a true weak mode was introduced to the detector geometry.
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Figure 7.12: Effects of twist misalignment: (left) Reconstructed di-muon mass
as a function of the pZ difference between the positive and the negative muon and
(right) χ2 per degree of freedom, for tracks reconstructed in the inner detector.

7.4.2 Mass constrained fit results

The use of the mass constrained vertex fit for removing the q/pZ shift induced
by the twist misalignment was studied. Figure 7.13 shows the resolution and
average q/pZ as a function of pZ of the reconstructed tracks with and with-
out using a mass constraint, as obtained using J/ψ → µ+µ− events with the
twist misalignment. The left-hand plots shows that the uncertainty of the re-
constructed value of q/pZ is much higher for tracks with low pZ values. The
right-hand plot in figure 7.13 shows that, similar as was seen in the results for
the curl misalignment, the fit ‘prefers’ to satisfy the mass constraint by only
altering the q/pZ of the track with the highest error.

As for the curl misalignment, the results can be improved by performing
the mass constrained fit after increasing the error of the curvature of the tracks
with an additional 0.03 GeV−1. Figure 7.14 shows the results in resolution and
average shift of q/pZ as a function of the transverse momentum when using
this error-scaling in the mass constrained vertex fit. The mass constrained fit
with error-scaling is observed to partially remove the q/pZ shift over the whole
range of pZ of the muon tracks. A significant amount of q/pZ shift remains
even with the mass constrained fit with error-scaling. This is mostly due to
events where the muons had a small pZ difference, where the J/ψ mass was
not significantly effected and the mass constraint fit was unable to correct the
curvature bias.
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Figure 7.13: Resolution (left) and average shift (right) of q/pZ of the track pa-
rameters at vertex versus the z-component of the track momentum, obtained with
the two vertex fitting methods.
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Figure 7.14: Resolution (left) and average shift (right) of q/pZ of the track pa-
rameters at vertex versus the z component of the momentum obtained with the two
vertex fitting methods, using very large errors for q/p of the input track parameters
in the mass constrained vertex fit.

7.5 Measuring weak mode effects

Based on the result in the previous section, the mass constrained vertex fit
appears capable of (partially) correcting the reconstructed bias in q/pT and
q/pZ induced by the weak mode misalignments. This facilitates the measure-
ment of a possible reconstruction bias by looking at the difference between the
reconstructed q/pT and q/pZ obtained with and without a mass constraint in
J/ψ → µ+µ− events.

Figure 7.15 shows the difference in the value of q/pT shift obtained with
unconstrained and mass constrained vertex fits in simulated J/ψ → µ+µ−

events reconstructed with the curl misalignment. Both the results using the
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standard mass constrained vertex fit and the mass constrained vertex fit with
increased errors on q/p are shown. By using increased errors on q/p during
the vertex-fit some of the information obtained by the original track-fit is
discarded, which would explain the increased width observed in the right-hand
plot of figure 7.15.
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Figure 7.15: Difference between q/pT obtained with the unconstrained and mass
constrained vertex fit in J/ψ → µ+µ− events reconstructed with curl misalignment.
Plots were obtained without error-scaling (left) and with error-scaling (right). Val-
ues of the Gaussian fit parameters are given in tables 7.2 and 7.3.

The mean of the Gaussian fitted in figure 7.15 depends on the selection cuts
on the pT of the plotted tracks as well as on the pT difference between the two
muon tracks in the J/ψ → µ+µ− event. The mass dependency on the muon
pT difference, induced by the curl misalignment (demonstrated in figure 7.8),
means that the mass constrained fit works better for increasing values of the pT
difference. To optimize the measurement of the curvature bias the minimum
pT of the plotted track was 9 GeV while the minimum pT difference between
the two muons was 8 GeV.

Similarly, figure 7.16 shows the measurement of the q/pZ-shift in J/ψ →
µ+µ− events reconstructed with twist misalignment. To optimize the measure-
ment of the bias in q/pZ , the minimum pZ of the plotted tracks was 10 GeV
and the minimum pZ difference between the muons was 10 GeV.

The reconstruction bias in q/pT and q/pZ can be determined from the mean
of the Gaussian fit of the distributions in figures 7.15 and 7.16. The mean and
width of the fitted distributions obtained using J/ψ → µ+µ− events recon-
structed with the normal, curl and twist geometry are shown in table 7.2 (for
the standard mass constrained fit) and in table 7.3 (for the mass constrained
fit using with error-scaling in q/p).

An interesting observation is that the twist misalignment does not intro-
duce a measurable bias in q/pT and, similarly, the curl misalignment does not
introduce a measurable bias in q/pZ . This shows that the two types of weak
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Figure 7.16: Difference between q/pZ obtained with the unconstrained and mass
constrained vertex fit in J/ψ → µ+µ− events reconstructed with twist misalignment.
Plots were obtained without error-scaling (left) and with error-scaling (right). Val-
ues of the Gaussian fit parameters are given in tables 7.2 and 7.3.

Geometry ∆q/pT (10−3 GeV−1) ∆q/pZ (10−3 GeV−1)

mean σ mean σ

Normal -0.02±0.04 1.24±0.04 -0.00±0.05 1.05±0.04

Curl -1.01±0.04 1.53±0.04 -0.04±0.06 1.31±0.06

Twist -0.01±0.04 1.31±0.06 -0.57±0.05 1.07±0.04

Table 7.2: Mean and σ from a Gaussian fit to the distribution of the difference
of q/pT and q/pZ obtained with the unconstrained and mass constrained vertex fit
(using the cuts described in the text).

Geometry ∆q/pT (10−3 GeV−1) ∆q/pZ (10−3 GeV−1)

mean σ mean σ

Normal -0.03±0.06 2.04±0.06 -0.00±0.07 1.44±0.07

Curl -1.76±0.07 2.17±0.08 -0.01±0.11 1.84±0.15

Twist -0.03±0.06 2.15±0.07 -0.80±0.07 1.42±0.08

Table 7.3: Mean and σ from a Gaussian fit to the distribution of the difference
of q/pT and q/pZ obtained with the unconstrained and mass constrained vertex fit
with increased error on q/p of the input track parameters (using the cuts described
in the text).
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modes can be treated independently.
The real reconstruction bias in q/pT induced by the curl misalignment was

shown (see section 7.3.1) to be equal to (-2.24±0.05)·10−3 GeV−1. The percent-
age of the q/pT shift that was measured is equal to (-1.01±0.04)·10−3 GeV−1

without using error-scaling and (-1.76±0.07)·10−3 GeV−1 with error-scaling.
This means that the percentage of the real q/pT shift that was measured is
equal to (45±3)% without using error-scaling and (79±4)% with error-scaling.

For the twist misalignment, the true reconstruction bias in q/pZ was ob-
served (see section 7.4.1) to be equal to (-0.97±0.03)·10−3 GeV−1. The mea-
sured q/pZ shift is equal to (-0.57±0.05)·10−3 GeV−1 without using error-
scaling and (-0.80±0.07)·10−3 GeV−1 with error-scaling. This means that the
percentage of the real q/pZ shift that was measured is equal to (59±6)% with-
out using error-scaling and (82±8)% with error-scaling.

The measured value of the reconstruction bias is closer to the true value
with the error-scaling, but the results in tables 7.2 and 7.3 also show that the er-
rors on the mean ∆q/pT and ∆q/pZ are larger when using error-scaling. With-
out error-scaling the amount of curvature recovered by the mass constrained
fit depends more strongly on the momenta of the tracks (see figures 7.15 and
7.16). Therefore it is recommended to use error-scaling on q/p in studying
these types of misalignments, as the results will be less strongly influenced by
the momentum distribution of the selected events.

7.6 Curvature correction in Z → µ+µ− events

The presence of the curl or twist weak mode misalignment in the ATLAS inner
detector was shown to create a bias on the reconstructed value of q/pT or q/pZ .
The presence of these curvature biases will affect the resolution of any invariant
mass measurement that uses the inner detector tracks.

Figure 7.17 shows the invariant mass of muons from simulated Z → µ+µ−

events reconstructed with and without the weak mode misalignments5. It can
be seen that the presence of curl or twist misalignment results in a significant
decrease of the mass resolution.

The effect of the reconstruction bias in q/pT and q/pZ induced by the curl
and twist misalignment can be removed by applying a curvature correction:

q

pT new
=

(
q

pT

)
old

−∆q/pT

q

pZ new
= tan θ

(
q

pT

)
new

−∆q/pZ
(7.1)

where ∆q/pT
and ∆q/pZ

are the estimated values of the reconstruction bias.

5The results for the reconstructed Z peaks were obtained using information from
the inner detector tracks only.
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Figure 7.17: Difference between the reconstructed and true invariant mass for
simulated Z → µ+µ− events reconstructed with curl misalignment (left) and the
twist misalignment (right) compared to the result without misalignment (normal).

Figure 7.18 shows the result on the reconstructed Z peak for simulated
events reconstructed with the curl and twist misalignment, before and after
applying a curvature correction. The curvature correction uses the measured
values of ∆q/pT

and ∆q/pZ
(with error-scaling) as given in table 7.3. This way

effectively ∼80% of the true reconstruction bias is removed. It can be seen that
in both cases the width of the Z peak is significantly improved after applying
a correction for the reconstruction bias.
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Figure 7.18: Difference between the reconstructed and true invariant mass for
simulated Z → µ+µ− events reconstructed with curl misalignment (left) and twist
misalignment (right) with and without curvature corrections.
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7.7 Conclusion and discussion

The standard alignment algorithms are based on minimizing the hit residuals
so that residual systematic detector deformations (weak modes) can be left
in the ATLAS detector geometry after alignment. The effect of the curl and
twist weak modes was studied in detail. The curl weak mode moves detector
elements in ∆φ as a function of R and was observed to create a bias in q/pT
of the reconstructed tracks. The twist weak mode moves detector elements
in ∆φ as a function of z and was observed to create a bias in q/pZ of the
reconstructed tracks.

The curl and twist weak modes were studied using detector shifts where
an outermost SCT barrel module can have a maximum position shift of 200
µm. For this scale of the systematic shifts, the curl misalignment was ob-
served to result in a reconstruction bias of (2.24±0.05)·10−3 GeV−1 in q/pT
and the twist misalignment was observed to result in a reconstruction bias of
(-0.97±0.03)·10−3 GeV−1 in q/pZ .

The amount of curl or twist misalignment present in the detector can be
partially measured using J/ψ → µ+µ− events and looking at the difference in
the values of q/pT and q/pZ obtained from an unconstrained vertex fit and a
mass constrained vertex fit, which gives a handle on detecting the amount of
‘curl’ or ‘twist’ misalignment present in the detector. The measured curvature
bias can be used to correct reconstruction bias in q/pT and q/pZ , which was
shown to help improve the width of the reconstructed mass in Z → µ+µ−

events in the presence of a curl or twist misalignment.
When selecting J/ψ → µ+µ− events with the muon triggers available in the

ATLAS experiment a continuum background of di-muon events is added to the
signal. A detailed study of the effect of background on the measurement of the
reconstruction bias in q/pT and q/pZ induced by the weak mode misalignment
was beyond the scope of thesis. A first look at the effect of the presence of the
di-muon continuum when determining the reconstructed biases indicates that
the reconstruction bias seen in J/ψ → µ+µ− events can be distinguished from
the background contribution.

The study done in this thesis used events reconstructed with a weak mode
misalignments in the detector geometry, under the assumption that weak
modes would not be corrected by the standard alignment algorithms. How-
ever the rigidity of the detector modules and structures plus the availability
of cosmic tracks provide additional means of reducing weak modes with the
standard alignment algorithms. Even if weak modes can partially be recovered
by the alignment algorithms, it will be important to study the presence of a
possible bias on the reconstructed track parameters by using kinematic con-
straints. Alignment algorithms can only find a possible minimum for the track
residuals, while constraints based on physics properties provide an unbiased
judgment of the alignment quality.


