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Abstract

A method for aligning the optical system of the LHCb RICH detectors is pre-
sented. The technique was applied to data taken with

√
s = 7 TeV at the LHCb

experiment during 2011. For the RICH1/RICH2 detectors Cherenkov angle resolu-
tions of 1.60/0.63 mrad was achieved, compared to 1.57/0.69 mrad expected from
Monte Carlo simulation.





1 Introduction

The LHCb experiment uses two ring-imaging Cherenkov (RICH) detectors to provide
powerful discrimination between pions and kaons in the intense hadron production envi-
ronment of the LHC. Two separate RICH detectors sharing three different radiators are
designed to provide particle identification over a momentum range of 1 to 100 GeV/c [1].
Separation of pions and kaons is essential for achieving many of the goals set out by
the LHCb experiment. The performance of the particle identification, supplied by the
RICH system [2] strongly depends on the quality of its alignment, i.e. on how accu-
rately the physical position of each component of the RICH detector is described in the
LHCb software. To maximize that accuracy is the goal of the alignment procedure.

This note describes how the LHCb RICH optical system is aligned in software using
proton-proton collision data. The method used is discussed in Sec. 3 and Sec. 4, while
the computing framework for automated running of the alignment is described in Sec. 5.
The results of a trial on simulated data is discussed in Sec. 6. Results of the alignment
on data collected at LHCb during 2011 are presented in Sec. 7, before concluding in
Sec. 8.

2 The LHCb detector

The LHCb detector [1] is a single-arm spectrometer with a polar angular coverage with
respect to the beam axis of 15–300 mrad/15–250 mrad in the bending/non-bending
plane.

A silicon vertex locator system, called VELO, is positioned around the interaction
point. The tracking system consists of a silicon microstrip detector, TT, in front of the
magnet, and three tracking stations behind the magnet. A magnet providing an inte-
grated field of 4 Tm is used to measure particles momentum. The RICH1 detector, po-
sitioned in front of the magnet, is oriented in the vertical direction with photodetector
boxes above and below the beam line. In contrast, the RICH2 detector, is positioned
behind the magnet, and its photodetector boxes are on both sides of the beam line in
the horizontal direction.

2.1 RICH optical system

Cherenkov photons are emitted from charged particles traversing a radiator at angles

θCh = arccos

1

η

√(
m

p

)2

+ 1

 , (1)

relative to their tracks, where m and p are the particle mass and momentum, while η is
the refractive index of the radiator.
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Both RICH1 and RICH2 have two sets of mirrors: the primary spherical mirrors,
augmented by the array of secondary (a.k.a. plane, flat), much flatter mirrors. Photons
are reflected off a primary mirror onto a secondary mirror, from where they are de-
flected out of the LHCb acceptance onto the plane of photon detectors, which coincides
with the focal plane of the given part of the optical system. The RICH1/RICH2 optical
system consists of 4/56 primary and 16/40 secondary mirrors. The layouts of the RICH
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Figure 1: Schematic view of the LHCb RICH detectors and their optical systems: (a) side
view of RICH1 and (b) top view of RICH2. Formation of a Cherenkov ring in the lower part
of RICH1 is also illustrated.

optical systems are shown in Fig. 1 and are described in more detail elsewhere [3, 4],
while the structures of the mirror arrays and their numbering orders are schematically
drawn in Figs. 5 and 6 of Section 3.

Right-handed coordinate system of each mirror segment is defined in the following
way: the origin is at the centre of curvature with x-axis pointing towards the mirror,
y-axis points upwards, while the corresponding z-axis is horizontal. Finally, the pivot
point for software rotations around y and z axes is at the centre of the mirror surface.

To achieve optimal performance of the LHCb RICH detector we aim to minimize the
uncertainty, σ, associated with the measurement of a single photon Cherenkov angle.
This is limited by four main sources of uncertainty outlined in Table 1. Adding them in
quadrature gives the minimal total uncertainty, that is aimed at through the alignment.
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Table 1: Sources of uncertainty, σ, of the measurement of a single photon Cherenkov angle for
the three LHCb RICH radiators.

σ [mrad]

RICH1 RICH2

Aerogel C4F10 CF4

Emission point 0.4 0.8 0.2
Chromatic dispersion 2.1 0.9 0.5
Pixel size 0.5 0.6 0.2
Tracking 0.4 0.4 0.4

Total 2.6 1.5 0.7

3 Method of alignment for the RICH optical

system

Photons are “reconstructed” from hits on the photon detector plane by reflecting them
off the RICH mirrors, based on the RICH geometry information available to the LHCb
reconstruction software. For definiteness, the photons are assumed to originate from
the midpoint of a track as it traverses the RICH radiator. This assumption allows a
Cherenkov angle to be calculated.

A misalignment of the LHCb RICH optical system manifests itself as a displace-
ment of the observable Cherenkov ring against the expected one [5, 6]. In other words,
a discrepancy occurs between the actual centre of the Cherenkov ring and its expected
position calculated from the reconstructed tracks momentum and using pion mass hy-
pothesis. This is explained in Fig. 2 and its caption (quite a redrawn figure from [7]
with different notations).

A method of finding appropriate software compensations for the mirror misalign-
ments by the use of data was developed in the HERAb experiment [7]. The approach
presented here builds on that method and is developed further to address a more com-
plex design of the LHCb RICH system. In each half of the HERAb optical system 40
primary mirrors form an ample number of efficient same-photon reflecting pairs with 18
secondary mirrors [8], while in each half of the LHCb RICH2 sub-detector, 28 primary
mirrors reflect photons onto 20 secondary mirrors. Therefore, effectively, the ratio of the
number of useful mirror combinations (for building a consistent system of equations) to
the number of mirror segments (and hence unknowns) is lower.

A displacement of the actual position of the Cherenkov ring centre from the com-
puted position of the corresponding track projection can be observed by plotting ∆θ
against the azimuthal angle φ around the ring

∆θ (φ) = θ (φ)− θCh,
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Figure 2: (a) Schematic illustration of how rotational misalignment of a RICH mirror — in
this example a RICH2 primary mirror is rotated around y-axis — causes shift of the actual
centre P ′ of the Cherenkov ring on the photon detector plane. The “reflection” of the track
is drawn only for explanatory purpose. (b) The expected Cherenkov angle projection θCh

and the reconstructed Cherenkov angle θ are displayed shifted by Θz and Θy. P marks the
position of the extrapolated track projection calculated without adjustments that compensate
misalignment of the mirrors, while P ′ is the actual (unknown) position of the centre of the
ring. Cherenkov angles θ are evaluated relative to P , and therefore, vary with φ.

where θCh is the Cherenkov angle of a photon (Equation 1). We select high momentum
tracks: in this limit the mass difference between pions and kaons becomes insignificant
and the Cherenkov angle is said to reach saturation. At saturation all particles tend
to the same value of θCh. We can approximate all particles to be pions, thus the mass,
m, is assumed to be that of a charged pion. Figure 3 illustrates the saturation of θCh in
the RICH1 gaseous radiator. For an aligned system the ∆θ mode position is constant
with φ for any mirror combination as well as for the integral distribution. It can be
seen from Fig. 2 that any small misalignment results in an approximately sinusoidal
distribution of ∆θ against φ (described by Equation 2).

Theoretically, to associate a “Cherenkov angle” with a photon hit on the photode-
tector plane, we need to “reconstruct” the photon, i.e. to appropriately connect its
point of emission, via two reflections, with the given hit. The point of emission is cer-
tainly known only in MC. Because a photon emitted from any point along the track
(at the given φ) will ideally hit the same spot on the photodetector plane, in the case
of data the emission point should be chosen voluntarily. Analysis of MC events has
shown [7] that to reduce noise from the photons falsely associated with a given track,
only “unambiguous” hits should be chosen. An “unambiguous” hit yields reflection of
the corresponding hypothetical photon off the same pair of mirrors even if assumed to
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Figure 3: Cherenkov angle θCh against track momentum, for tracks traversing the RICH1
gaseous radiator. Muons, pions, kaons and protons are visible. As the track momentum in-
creases, all particles tend towards the same θCh, known as the saturated Cherenkov angle.

be emitted at the beginning and at the end of the track path in the radiator. In our
analysis we use “unambiguous” photons.

Our aim is to detect any extra rotations of all mirror segments, both primary and
secondary, around z and y axes against their position descriptions contained in the De-
tector Description Database (DDDB) that had been already corrected with the up-to-
this-time misalignment corrections contained in the Conditions Database (CONDDB).

Traditionally, all distances (displacements) on the photodetector plane are expressed
in terms of the polar angle θ, which is approximately correct, because optical paths
for photons from the surface of a primary mirror to their hits in the vicinity of the
respective ring on the photodetector plane (for the corresponding track and particular
mirror combination, of course) are almost the same.

As follows from Fig. 2, if one or both of a pair of primary mirror p and secondary
mirror s are misaligned, the measured Cherenkov angle depends on φ, and the differ-
ence between measured and expected values looks like

∆θp,s(φ) ≡ [θ(φ)− θCh]p,s ≈ [Θ cos(φ− Φ)]p,s

= [Θ cosΦ cosφ+Θ sinΦ sinφ]p,s

= Θz
p,s cosφ+Θy

p,s sinφ,

(2)

where Θz
p,s and Θy

p,s are combined tilts around respective axes, resulting from tilts of
both mirrors of the combination. On the other hand, they are equal to the sum of those
tilts taken with the so-called “magnification factors”. Namely, the resulting displace-
ment components of a ring of photons reflected off a pair of primary mirror p and sec-
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ondary mirror s, that are rotated by angles αy
p, α

z
p, β

y
s and βz

s , respectively, are

Ay
p,sα

y
p +By

p,sβ
y
s + ayp,sα

z
p + byp,sβ

z
s = Θy

p,s

Az
p,sα

z
p +Bz

p,sβ
z
s + azp,sα

y
p + bzp,sβ

y
s = Θz

p,s,
(3)

where Ay
p,s, B

y
p,s, a

y
p,s and byp,s (Az

p,s, B
z
p,s, a

z
p,s and bzp,s for the z-axis) are the correspond-

ing magnification factors, discussed in the next section.
To correct for the mirror misalignments, the projected combined mirror misalign-

ment onto the photodetector plane, Θy
p,s and Θz

p,s in Fig. 2, are determined for each
mirror pair from a subset of all possible mirror combinations sufficient for determining
misalignments of every mirror. This is achieved by plotting ∆θ(φ)p,s and fitting it by
a sinusoidal function (see Equation 2) as described in Sec. 3.3. This misalignment is
decomposed into a combination of individual primary and/or secondary mirror rota-
tional misalignments, as described in Sec. 3.4, by solving a system of linear equations,
similar to Equations 3. We correct for the misalignment by applying corresponding com-
pensating rotations to the mirrors. This procedure is repeated until all the calculated
remaining misalignments, αy

p, α
z
p, β

y
s and βz

s , are less than 0.1 mrad.

3.1 Magnification factors

To understand the origin of the magnification factors, let us consider in more detail
(although in simplified manner) how tilts of mirror segments affect displacement of the
Cherenkov ring against its expected position. For example, small rotations of primary
and secondary mirrors around their vertical (y) axes yield approximately the following
displacement of the ring in terms of distance (note that rotation of a mirror by e.g. αy,
results in deflecting photons by 2αy in horizontal plane, as shown in Fig. 2):

l Θy ≈ lpri2α
y − lsec2 βy,

where l, lpri and lsec are paths of the photons to the photodetectors (total, from primary,
and from secondary mirrors, respectively). Or in terms of Cherenkov angles

Θy ≈ 2 lpri
l
αy − 2 lsec

l
βy ≈ Ayαy +Byβy.

Similarly, for small rotations around horizontal axes

Θz ≈ 2 lpri
l
αz +

2 lsec
l
βz ≈ Azαz +Bzβz.

For each mirror combination the magnification factors are evaluated by introducing
8 independent calibrational rotations (positive or negative rotations about the y− or
z−axes for the primary or secondary mirrors) and by measuring the resulting total tilts.
In particular, ±0.3 mrad rotations are used. That choice is motivated by the fact that
typically, Cherenkov angle resolution, the half-width of the θ distribution, for RICH2 is
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around 0.7 mrad. The final value of each factor is arithmetical mean of the two corre-
sponding values obtained with the calibrating rotations in opposite directions.

Although näıvely we would expect l = lpri, in practice, due to complicated averaging
of the “reconstructed” photon paths for every mirror combination, the factors have
somewhat differing values, and on average look approximately like

Θy ≈ 2.0αy − 0.9 βy and Θz ≈ 1.8αz + 0.6 βz.

In reality, there is also a small but still significant cross-influence between rotations
around alternative axes: e.g. rotation of a mirror around y-axis yields also a small de-
flection of the photon in the perpendicular plane, i.e. around z-axis. That is why Equa-
tions 3 contain also the corresponding cross-terms. As for the cross-term magnification
factors, ay, by, az and bz, their absolute values vary approximately between 0.001 and
0.250, and they can be positive as well as negative.

3.2 Alignment parameters

A list of alignment parameters is shown in Table 2. The table outlines the parameters
which are observable and those that need to be found and corrected for in the align-
ment process. Note that the magnification factors are not known in advance and need

Table 2: Alignment parameters.

Parameter Definition

p primary mirror number: 0-3 for RICH1, 0-55 for RICH2
s secondary mirror number: 0-15 for RICH1, 0-39 for RICH2

Θy
p,s/Θ

z
p,s observed combined misalignment on the photo-detector plane in the

y-axis/z-axis, for mirror pair (p, s)
αy
p/α

z
p calculated misalignment of primary mirror p as a tilt about its local

y-axis/z-axis
βy
s/βz

s calculated misalignment of secondary mirror s as a tilt about its local
y-axis/z-axis

Ay
p,s/A

z
p,s magnification factor to map αy

p/α
z
p onto Θy

p,s/Θ
z
p,s (tilts resulting from

rotations around the same axes)
By

p,s/B
z
p,s magnification factor to map βy

s/βz
s onto Θy

p,s/Θ
z
p,s (tilts resulting from

rotations around the same axes)
ayp,s/a

z
p,s magnification factor to map αz

p/α
y
p onto Θy

p,s/Θ
z
p,s (minor tilts result-

ing from rotations around the alternative axes)
byp,s/b

z
p,s magnification factor to map βz

s/βy
s onto Θy

p,s/Θ
z
p,s (minor tilts result-

ing from rotations around the alternative axes)

to be found as well, as was discussed in Sec. 3.1.
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3.3 Fitting method

For every chosen combination of primary mirror p and secondary mirror s, ∆θ is
plotted against φ. Each of these histograms is divided into 20 bins in φ. Inside
each φ bin the ∆θ distribution is fitted with a Gaussian plus first/second order (for
RICH1/RICH2) polynomial background. In accordance with Equation 2 the φ depen-
dence of the position of the Gaussian peak for a given mirror pair (p, s) is approximated
by

∆θp,s(φ) = Θz
p,s cosφ+Θy

p,s sinφ. (4)

Equation 4 is used as a bond when fitting all the 20 slices jointly. The fitting is done
by means of the Root framework [9], in particular, using the Minuit2 minimization
package. The values of the fitted parameters Θy

p,s and Θz
p,s correspond to misalignment

of that mirror pair mapped to apparent displacement of the ring on the photodetector
plane, as explained in Fig. 2. An example of such a fit for misaligned mirror pair (0, 1)
of RICH1 is shown in Fig. 4: before alignment (left), and after alignment (right).
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Figure 4: ∆θ against φ fitted slice-by-slice along φ with function (4) approximating position
of the Gaussian peak on the φ-∆θ plane for combination of primary mirror 0 and secondary
mirror 1 of RICH1 detector. The originally misaligned mirror pair is represented on the left.
On the right — same fit after the pair is aligned.

3.4 Determining individual mirror misalignments

If we can map a measured Cherenkov ring misalignment to individual mirror rotations,
we can compensate for it in the software. Obviously, there is no straightforward way to
do that. However, optimal alignment can be achieved if each component of the optical
system is properly aligned relative to all others. In this sense finding the absolute align-
ment of each individual component is not significantly important. We therefore aim to
align all mirrors relative to each other.

3.4.1 RICH1 alignment

The geometry of the LHCb RICH1 detector restricts the number of populated mirror
combinations to 16, Fig. 5. Photons reflected off a primary mirror are then reflected off
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one of four secondary mirrors that form a group, unique to that primary mirror. Each
of the four quadrants contain a single primary mirror and four secondary mirrors. The
misalignments of the four mirror combinations in each quadrant are determined using
the method discussed in Sec. 3.3.
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Figure 5: Reflection point distribution of photons off RICH1 primary mirrors (left) and sec-
ondary mirrors (right). The photon population across mirrors is not uniform with the higher
populated mirrors laying closest to the beam-pipe. Also shown is the RICH1 mirror number-
ing schema, viewed along the beam.

Thus, e.g. for quadrant 0 in the y-direction, we have four equations for five un-
knowns (αy

0, and βy
s )

Ay
0,0α

y
0 +By

0,0β
y
0 = Θy

0,0
...

...
...

Ay
0,3α

y
0 +By

0,3β
y
3 =Θy

0,3.

One option is to exclude the primary mirror from the adjustment procedure, i.e. set
αy
0 = 0, and then directly calculate misalignments of each secondary mirror: βy

s =
Θy

0,s/B
y
0,s.

Instead, we first attempt to align the primary mirrors. For each quadrant, we tem-
porarily neglect misalignments of the secondary mirrors, i.e. set βy

s = 0, calculate four
misalignment estimates (αy

p)s = Θy
p,s/A

y
p,s for the primary mirror (in conjunction with

the four different secondary mirrors s) and their average

αy
p =

1

4

∑
s

(αy
p)s

becomes an estimate of misalignment of that primary mirror. It is then used to find the
misalignment of each secondary mirror of that quadrant:

βy
s =

(
Θy

p,s − Ay
p,sα

y
p

)
By

p,s
.

The final effect of the misalignment compensation is the same as in case of the first op-
tion, although the individual mirror adjustments are different. All the obtained adjust-
ments are then inserted into the software. The same is done for misalignments around
the z-axis.
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Because the magnification factors are slightly altered after the mirror adjustment, we
are unable to find the final solution of the system of equations in one pass. Therefore,
we iterate over the same data until the calculated remaining misalignments, αy

p, α
z
p, β

y
s

and βz
s , are less than 0.1 mrad.

3.4.2 RICH2 alignment

The geometrical layout of the RICH2 detector is significantly different to that of
RICH1, and therefore we cannot find the mirror misalignments with the same method.

The RICH2 detector has 56 primary (mostly hexagonal) and 40 secondary (rectangu-
lar) mirror segments. Each hexagonal segment can be inscribed in a circle of a radius of
rm = 251 mm. The maximum base radius of the Cherenkov cones on the primary mir-
rors is rCh = 55 mm, therefore probability of having a ring imaged by only one primary
mirror segment is pCh ≈ 1− rCh/rm ≈ 78%, which makes easier pattern recognition and
correction in case of mirror misalignments [10].

All mirrors are divided into two decoupled systems: 48 on the left of the beam, and
48 on the right of the beam. This gives 96 unknown parameters for each side (tilts
around y and z axes for each mirror). Their numbering schema is shown in Fig. 6
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Figure 6: RICH2 mirror segmentation and the numbering schema, viewed along the beam.
The beampipe is at the centre.

However, only 47 out of 48 possible tilts around each axis are independent, because
if we simultaneously rotate all primary mirrors by one angle and all secondary mirrors
by the corresponding angle in the opposite direction, the ring position will not change.

Tables 4, 5 and 6 – each in its own way – present the set of pairs chosen for the
alignment procedure. The goal is to have consistent system of equations for determining
the individual misalignments. In particular, it is seen (most apparently from Table 6),
that each secondary mirror is paired with at least two primary mirrors. Overall, use-
ful mirror pairs are selected such that all mirrors are linked together. By fixing the
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Table 4: Chosen 47 p, s (primary,secondary) mirror combinations (left-hand side of RICH2).
Vertical axis presents primary mirror numbers, horizontal — secondary.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
0 0,0
1 1,1
2 2,2
3 3,3
4 4,0 4,4
5 5,1 5,5
6 6,2 6,3 6,6
7 7,7
8 8,4 8,8
9 9,5 9,9
10 10,6 10,10
11 11,7 11,11
12 12,8 12,9
13 13,9 13,10
14 14,10 14,11
15 15,11
16 16,8 16,12
17 17,9 17,13
18 18,10 18,14
19 19,11 19,15
20 20,12 20,16
21 21,13 21,17
22 22,14 22,18 22,19
23 23,15
24 24,16
25 25,17
26 26,18
27 27,19

Table 5: Chosen 47 p, s (primary,secondary) mirror combinations grouped by primary mirror
numbers (left-hand side of RICH2).

27,19 26,18 25,17 24,16
22,19 22,18 21,17 20,16

23,15 22,14 21,13 20,12
19,15 18,14 17,13 16,12
19,11 18,10 17,9 16,8
15,11 14,11 14,10 13,10 13,9 12,9 12,8
11,11 10,10 9,9 8,8
11,7 10,6 9,5 8,4
7,7 6,6 5,5 4,4

6,3 6,2 5,1 4,0
3,3 2,2 1,1 0,0

misalignment of one of the primary mirrors we find the misalignment of the secondary
mirror with which it forms a pair. This secondary mirror also forms pair with another
primary mirror which allows to find its misalignment in turn. This linking continues
until all mirrors in each side of RICH2 are related.

Table 6: Chosen 47 p, s (primary,secondary) mirror combinations grouped by secondary mirror
numbers (left-hand side of RICH2).

27,19 26,18 25,17 24,16
22,19 22,18 21,17 20,16
23,15 22,14 21,13 20,12
19,15 18,14 17,13 16,12
19,11 18,10 17,9 16,8

15,11 14,11 14,10 13,10 13,9 12,9 12,8
11,11 10,10 9,9 8,8
11,7 10,6 9,5 8,4
7,7 6,6 5,5 4,4
6,3 6,2 5,1 4,0
3,3 2,2 1,1 0,0

11



Next we need a system of equations for finding these parameters. Each equation will
represent a combination of one primary and one secondary mirror segment. In reality,
the number of these equations hardly reaches the number of the unknowns, because
each mirror “collaborates” efficiently (in terms of reflecting the same photons) with not
more than a couple of other adjacent mirrors of the opposite kind. From the point of
view of geometrical optics, this means that a set of small rotations of one kind of mir-
rors can be approximately compensated by a set of small rotations of mirrors of the
opposite kind in the compensating directions, so that nothing changes on the photo-
detector plane. Therefore, a consistent system of 96 equations relating tilts around y
and z axes for 28 primary and 20 secondary mirrors will be next to degenerate, mean-
ing that although there will always exist a formally unique solution, it will be unstable.
That instability will reveal itself in non-convergence of the solutions, because the mag-
nification factors and the “measured” combined tilts for each pair will slightly variate
from iteration to iteration, and although the system will be numerically close to the
previous one, it will yield a somewhat different solution which will, in turn, result in a
next fluctuation of the system, preventing further adjustments from reaching desired
smallness.

The most straightforward way to regularize the solution is simply to give up adjust-
ing one of the mirrors, fixing its adjustments to 0. We have chosen primary mirror 12
for that. This is because of its relatively high photon population, being the closest mir-
ror to the beam pipe.

Among all possible mirror pairs we have consistently chosen first 47 pairs from their
list sorted according to their efficiency in jointly reflecting photons in descending order.
This choice is shown in Tables 4, 5 and 6.

As a result, we have a system of 94 linear equations (47 pairs of Equations 3). We
solve this system algebraically, by the substitution method at the pairs level (starting
with setting tilts of primary mirror 12 equal to zero: αy

12 = αz
12 = 0) and with Cramer’s

rule — within each pair (system of equations 3).

4 Event selection method

Angular distribution of particle tracks in the events, that are most commonly (for typ-
ical analyses) selected by the LHCb triggering system, is very strongly peaked towards
the beam axis. Hence Cherenkov photons produced in the RICH radiators populate
predominantly those mirror pairs, whose primary mirror members are, indeed, close to
the beampipe (e.g. the RICH1 case is illustrated in Fig. 5).

Figure 7 gives a clue to our choice of the secondary mirror partners to each primary
mirror: we chose only from one to three of those, which have highest probability to
be hit by a photon reflected off the given primary one. Based on that, the optimal
subset of pairs (see Tables 4, 5 and 6) was picked in order to form a consistent system
of equations for determining the individual mirror misalignments.

However, sole optimization of the subset is not enough. In the RICH2 case, for ex-
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Figure 7: Strongest populations of mirror pairs in the left-hand side of RICH2 prior to the
selection, normalized to the largest population. The histogram titles show the spherical mirror
segment numbers, and the y-axis labels show the numbers of flat mirror segments paired with
the respective spherical segments.
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ample, to achieve adequate populations down to the most peripheral mirror pairs, it is
necessary to reconstruct ∼ 5 M events. Because the mirror alignment employs an iter-
ative procedure, the same ∼ 5 M events need to be reconstructed several times (once
per iteration or even up to 9 times if the refinement of the magnification coefficients is
turned on), using a significant amount of CPU time.

Therefore, a dynamic event selection procedure that picks out events with highly
populated peripheral pairs is used to significantly reduce the number of events needed,
e.g. to fewer than 100 k for RICH2.

For each alignment histogram (∆θ vs. φ for a particular mirror pair), most of the
20 φ bins must be populated sufficiently for successful convergence of the fitting proce-
dure. Because of the location of some of the mirror pairs, their ∆θ(φ) distributions can
be extremely nonuniform and in some cases it is practically impossible to reconstruct
the number of events needed to fill all of the φ bins. However, testing reveals that for
the fit to successfully converge, each φ bin requires at least 300 entries, and up to four
insufficiently filled φ bins are tolerable. Therefore, events are selected so that at least 16
φ bins in all alignment histograms contain at least 300 entries.

The selection is done according to the following algorithm. During the reconstruction
of an event, if there are any photons within at least one φ bin across all histograms,
which is not already full enough (i.e. containing less than 300 entries so far), and the
number of uderfilled φ bins in that particular histogram is still greater than 4, the event
is accepted (typically, such an event will also contribute to many other φ bins in several
histograms, as a by-product). If an event is found to contain no such photons, it is
discarded and all of its photons are ignored.

5 Computing framework

A computing framework that automates the RICH mirror software alignment procedure
was developed. It is based on Ganga [11], a tool for computational-task management
and easy access to Grid resources. A schematic workflow diagram is shown in Fig. 8.

Currently, this software facility consists of a steering Ganga script, written in
Python, and three programs written in C++: a module that fills the ∆θ(φ) histograms
necessary for determining possible mirror misalignments while running the reconstruc-
tion over the preselected events (see Sec. 4); a program that for every mirror pair from
the chosen subset finds combined tilts resulting from misalignments of both primary
and secondary mirror segments and a program that determines individual misalignment
compensating corrections for every mirror segment of both mirror kinds.

This script runs a loop of iterations, each consisting of the following actions:

1. run multiple data reconstruction jobs parallelized by Ganga across the Grid and
produce ∆θ(φ) histograms for every combination of one spherical and one flat
mirror according to the optimized list of pairs determined in advance; this bunch
of jobs forks into two groups, each running over the same set of DSTs but using
different misalignment compensation values:
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Update misalignment compensations
in conditions database

Are
new adjustments

to misalignment compensations
small enough

?

No

Update system of equations
using magnification factors and combined misalignments

Obtain individual mirror misalignments as solution 

Fit histograms
Determine combined misalignments

of mirror pars

EndYes

Assign calibrational misalignments
for determining magnification factors

Run data reconstruction on Grid
Fill Δθ(ϕ) histograms

Use current alignment parameters
Run data reconstruction on Grid

Fill Δθ(ϕ) histograms

Start

Fit histograms
Determine magnification factors

Feed result

Figure 8: Schematic diagram of the computing framework workflow steered by the Ganga
script.

(a) just up-to-date values

(b) additional calibrational tilts (e.g. ±0.3 mrad) are added to the up-to-date
values of only one member of a pair at a time, for all pairs, in order to deter-
mine the magnification factors (see Sec. 3.1)

2. fit these histograms and determine for each pair its combined tilts around y- as
well as z-axis in two case:

(a) just as they are

(b) resulting from additional calibrational tilts

3. magnification factors are calculated by dividing difference between biased com-
bined tilts and the unbiased ones by the corresponding calibrational tilts
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4. update the system of linear equations using obtained magnification factors and to-
tal tilts; its solution is a set of individual tilts (around y and z) of every segment

5. update the existing misalignment compensations in CONDDB that were used
during the current iteration

6. if all the obtained adjustments to the previous misalignment corrections are (by
absolute value) less than 0.1 mrad, exit; otherwise continue.

Because contents of CONDDB is stored in XML, we used Xerces-C++ [12] XML parser
and XQilla [13] as an XQuery and XPath implementation to alter the RICH mirror
alignment adjustments in CONDDB.

6 Test on Monte Carlo

The alignment of the LHCb RICH optical system was tested on simulated events. The
procedure described was applied to simulated events generated with a misaligned opti-
cal system. Figure 9 shows the Cherenkov angle distribution for both RICH detectors
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Figure 9: ∆θ distribution for each iteration of the alignment procedure applied to misaligned
Monte Carlo simulated data. Results are shown for the RICH1 detector (left) and the RICH2
detector (right).

after each iteration of the alignment procedure, starting with the simulated misaligned
case. The results of this alignment are compared to those from simulated events with
a perfectly aligned system. Before convergence, each iteration of the optical alignment
procedure results in the distribution becoming closer to that of the perfectly aligned
case. The standard deviation of the ∆θ distribution for the RICH1 detector improves
from 6.02± 0.04 mrad to 1.563± 0.002 mrad. Whereas for the RICH2 detector the resolu-
tion improves from 0.772± 0.001 mrad in the misaligned case to 0.668± 0.001 mrad after
the alignment. The standard deviation for a perfectly aligned RICH1/RICH2 optical
system is found to be 1.569± 0.007 mrad/0.687± 0.003 mrad.
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7 Alignment results

The alignment system presented here has been used throughout LHCb data taking since
it began in 2010. The results shown here are from 2011 data applied to the B hadron
stream, using Stripping 17 and Reco 12. ∆θ is plotted for each iteration of the align-
ment process in Fig. 10. Iteration 0 shows the resolution of the RICH detectors with no
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Figure 10: ∆θ is plotted for each iteration in the alignment of the LHCb RICH optical system.
RICH1 is shown on the left and RICH2 on the right. Iteration 0 shows the ∆θ distribution
for the RICH detector with no software corrections for misalignments in the optical system.
Corrections are then applied at each iteration until each mirror has a misalignment less than
0.1 mrad at which point the system is said to be aligned.

software corrections for misalignments each subsequent iteration results in the distribu-
tion getting closer to that of a perfectly aligned system.

Two iterations are required to align the mirrors of RICH1 from a state where no
corrections are assumed to an aligned state. Only a single pass is required to align the
optical system of the RICH2 detector. The extra iteration required by the alignment
procedure for RICH1 is believed to be due to the initial conditions being much further
than those for the aligned state.

The standard deviation of the ∆θ distribution for RICH1/RICH2 without cor-
rections (iteration 0) is 13.96 ± 0.05 mrad/0.73 ± 0.001 mrad. This is improved to
1.602 ± 0.003 mrad/0.638 ± 0.0003 mrad after aligning the optical system of the RICH
detectors, and compares to 1.569±0.007 mrad/0.687±0.003 mrad for the perfectly aligned
RICH1/RICH2 system.

The software alignment procedure for the LHCb RICH mirrors has significantly im-
proved the resolution of both RICH detectors. However, the resolution of the RICH1
detector does not yet match that expected from simulation. There could be many rea-
sons for this including effects from the magnetic field.
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8 Conclusion

A method for alignment of the optical system of the LHCb RICH detector consisting of
two sets of mirror segments installed in radiator vessels was developed and presented.
The developed method was tested with simulated events and applied to data collected
at the LHCb experiment. The optical system is aligned to within 0.1 mrad, at which
point the error due to mirror misalignment becomes a small contribution.
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