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The LHCb detector
Chapter 1. The LHCb Experiment 8

Figure 1.3: Side view layout of the LHCb spectrometer showing the VELO, the
two RICH detectors, the four tracking stations TT and T1-T3, the dipole magnet,
the Scintillating Pad detector (SPD), Preshower (PS), Electro-magnetic (ECAL) and
Hadronic (HCAL) Calorimeters, and the five muon stations M1-M5. The global LHCb

coordinate system is defined here, where the x-axis points into the page.

1.3, the bb̄ cross section is expected to be ∼ 500µb, producing 1012 bb̄ pairs in a standard

107s year.

The number (n) of pp interactions in each bunch crossing follows a Poisson distribution

Pn =
µn

n!
e−µ (1.7)

with a mean

µ =
L

f
σ

where L is the luminosity, f is the bunch crossing frequency and σ is the inelastic pp

cross section, which is ∼ 80mb at LHCb energies.

Fig. 1.4 shows the effective interaction rate as a function of luminosity, from zero to four

pp interactions. The red line is to show the average luminosity LHCb working value;

the rate for single pp interaction is ∼10 MHz.

RICH 1      RICH 2

2 RICH detectors 
for particle 

identification
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RICH Detectors at the LHCb experiment

•  RICH system covers momentum range 
2-100GeV/c

• 2 RICH detectors with 3 different radiators 
๏ RICH 1 (2-60GeV/c)

‣ Aerogel
‣ C4F10 gas

๏ RICH 2 (-100GeV/c)
‣ CF4 gas

•Particle identification, particularly between pions 
and Kaons. Important for physics analysis at 

LHCb
e.g B0s→Ds-K+

B0s→Ds-π+ background (10 times the signal)

•Particle identification efficiency is decreased by a 
misalignment in the RICH system

4

After RICH reduces background from 10 times to 
~10%

B0s→Ds-K+ (signal)
B0s→Ds-π+ (background)

with RICH
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Figure 1.12: Cherenkov angle distribution for each of the three RICH radiators as a

function of particle momentum p.

is made of 56 hexagonal segments, with an (average) radius of curvature 8600mm. Flat

mirrors are then used to reflect the ring-image to the photodetector plane. 16(40) mirror

segments form the total flat mirror surface in RICH1(RICH2). In fact, the RICH2

‘flat’ mirror segments are not perfectly flat; they have finite radius of curvature of (on

average) ∼78m. The mounting of the spherical mirror segments allow for adjustment

to obtain a common centre of curvature. The flat mirrors may also be adjusted to

centre the ring-image appropriately on the photodetector plane. The upper and lower

optical components of RICH1 are symmetric about the y=0 plane. In RICH2 the optical

components are split in two halves and are symmetric about the x=0 plane. There is

also a reflection symmetry about the y=0 plane.

The photodetectors used in the RICH system must be capable of providing high resolu-

tion spatial information about photon hits, being sensitive to single Cherenkov photons

in the wavelength range 200nm < λ < 600nm. Pixel Hybrid Photon Detectors
[15]

(HPD)

meet these requirements and take the form of an evacuated cylinder. The photons enter

though a spherical quartz window and are converted to photoelectrons at the HPD cath-

ode, before being accelerated towards the anode assembly at the far end of the tube by

a 20kV potential. The anode assembly consists of a silicon pixel sensor with an active

16mm square area, divided into 1024×0.5mm square pixels. The HPDs cover a total

area of 2.6m2
with 182(288) HPDs used in RICH1(RICH2).
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Figure 1.8: The layout of RICH1 (left) and RICH2 (right).

and the ECAL. The basic requirement of the RICH is to provide particle identification

over a wide momentum range, between 1 ≤ 100GeV/c. The RICH system also comple-

ments the calorimeters and muon system in the identification of electrons and muons.

Fig. 1.8 shows the layout of RICH1 (left) and RICH2 (right).

The importance of the RICH system is clearly illustrated considering the measurement

of CP asymmetry in the B0
d → π+π− decay, introduced in section 1.2. An accurate

measurement requires the rejection of other two-body decays (backgrounds) with the

same topology, such as B0
d → K+π− and B0

S → K−π+
.

Fig. 1.9 shows the reconstructed invariant mass spectrum of this decay with, (right)

and without, (left) the RICH system; prior to dedicated particle identification the decay

products of interest are completely swamped by background from other decays.

1.5.1 Cherenkov Radiation

While the laws of relativity impose that the speed of light c in a vacuum must be a uni-

versal constant, the speed at which light propagates in a material may be significantly

less than c. Cherenkov radiation results when a charged particle traverses a dielectric

medium (an insulator) with a speed greater than the speed of light in that medium. In

1937 I. M. Frank and I. Y. Tamm formulated the theory of the Cherenkov effect and pre-

dicted the radiation spectrum by applying the equations of classical electrodynamics
[12]

.

A few years later V. L. Ginzburg provided a quantum description of the phenomenon
[13]

.

Misalignments in the RICH1 detector

• RICH1 is positioned upstream 
of the magnet

• Misalignments in RICH1
• Rotations and translations 
to the whole detector
• Rotations and translations 
to all 4 spherical and 16 flat 
mirrors in RICH1
• Rotations and translations 
to the photon detectors

• Distortions caused by the 
magnetic field of the LHCb 
magnet

Chapter 3. Alignment Results 48
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Figure 3.16: The RICH1 mirror numbering scheme used in the alignment simulation,

as seen looking from the interaction point. The cut–away section through the spherical

mirrors for the LHCb beam pipe is shown.

A laser monitoring system
[16]

is used in both RICH detectors to independently monitor

the positions of chosen mirror segments. This information may be used to provide the

alignment software with the initial parameter conditions it requires to converge properly,

or even to fix the positions of chosen mirror segments, which in principle should allow

the minimisation procedure to converge more accurately and more rapidly.
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A laser monitoring system
[16]

is used in both RICH detectors to independently monitor

the positions of chosen mirror segments. This information may be used to provide the

alignment software with the initial parameter conditions it requires to converge properly,

or even to fix the positions of chosen mirror segments, which in principle should allow

the minimisation procedure to converge more accurately and more rapidly.

5

RICH 1 Mirrors
RICH 1 detector



Matthew Coombes

Alignment Strategy

• Tracks are reconstructed

• Cherenkov rings are found on the photon 
detector plane

• Tracks are then selected to use for alignment

• Only tracks above 15GeV/c for RICH1 Gas are 
selected. These tracks have a well defined 

expected theta.

• Only tracks which are separated from all other 
tracks by 30mm. 

• Only tracks which have a ring with more than 6 
photons associated with it are used, to ensure only 

true rings are selected

Chapter 2. RICH Alignment With Data 28
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Figure 2.6: A track based ring finding algorithm is used to define a band r± δr (blue
circles) used for alignment photon selection. Red dots indicate the projected track

locations, and black dots the photon hits.

Fig. 2.6 shows the application of the ring finding algorithm for defining this band of

width 2δr. By tightening the band–width criteria, the isolation distance Riso may be

relaxed, retaining as many photons (statistics) as possible for alignment. The efficiency

of this background removal technique may be evaluated (using an aligned detector) by

measuring the Cherenkov angle resolution; background removal adequate for alignment

purposes should yield a resolution near to that obtained using MCTruth information.

A Ring Finding Algorithm

Finding rings in the challenging enviroment of the photodetector plane is not a trivial

task owing the various sources of background previously outlined. The ring finding

algorithm mentioned used makes use of a Fourier correlation between ‘template’ ring-

images and the ‘target’ Cherenkov rings observed on the photodetector plane[19]. A

Cherenkov ring with center (Xc, Yc) (given by the projection of the particle track) in

cartesian coordinates on the photodetector plane, formed by a set of photon hits (x, y),

may be described in the log-polar plane by making a conformal mapping:

ρ = log(r) = log
��

(Xc − x)2 + (Yc − y)2
�

, θ = atan

�
Yc − y

Xc − x

�
. (2.3)

A ‘binned’ distribution of photon hits with respect to their ring centre may created by

writing:

Track projection point

Ring found Cherenkov ring

Photon hits

6

RICH1 Photon Detector panels with CK rings 

LHCb preliminary data

top panel

bottom panel
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ϕ

ϕθ projection

θ projection

Δθ
ϕ

Misaligned

Aligned

• Spatial co-ordinates are transformed into angle space of Cherenkov emission angle θ and the angle 
around the ring ϕ

• When the mirrors of the RICH are misaligned the effect is viewed on the detector plane as a shift of 
the track projection point away from the ring centre.

• Plot Δθ against ϕ for all mirror pairs with more than 2000 hits

• The projected misalignments θx and θy are extracted by fitting with the following:

Alignment Strategy

4 Alignment method for RICH detector 13

Figure 4.2: Diagram to show how a misaligned mirror results in a sinosoidal rela-

tionship between ∆θ and φ. The green lines represent a perfectly aligned sytem

whereas the red lines represent a misaligned system.

For every mirror combination the sinusoidal distribution is fitted with equation

4.1.

∆θ = θCK − θ0 = A cos(φCK + φ0) (4.1)

∆θ is the change in theta at the angle φCK around the Cherenkov ring. Using the

trigonometric identity

cos(u± v) = cos(u) cos(v)± sin(u)sin(v)

equation 4.1 can be rewritten as

∆θ = θCK − θ0 = θx cos(φCK) + θy sin(φCK). (4.2)

By plotting a histogram of ∆θ against φCK and fitting the plot with equation 4.2

the parameters θx and θy can be extracted. This method is used for global alignment

of the whole RICH detector as well for aligning the individual mirrors.

4.1.1 Track Selection

For filling the ∆θ against φCK histograms only saturated tracks can be used. As seen

in figure 4.3 tracks with a momentum above ∼ 15GeV in the RICH1 Gas radiator,

C4F10, the Cherenkov theta becomes saturated at 53mrads. As at these momentums

the Cherenkov theta is the same value for all particles seen in the RICH detector

the expected theoretical theta, θ0, is well known.

7
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Comparison method

Chapter 3. Alignment Results 48
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Figure 3.16: The RICH1 mirror numbering scheme used in the alignment simulation,

as seen looking from the interaction point. The cut–away section through the spherical

mirrors for the LHCb beam pipe is shown.

A laser monitoring system
[16]

is used in both RICH detectors to independently monitor

the positions of chosen mirror segments. This information may be used to provide the

alignment software with the initial parameter conditions it requires to converge properly,

or even to fix the positions of chosen mirror segments, which in principle should allow

the minimisation procedure to converge more accurately and more rapidly.
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A laser monitoring system
[16]

is used in both RICH detectors to independently monitor

the positions of chosen mirror segments. This information may be used to provide the

alignment software with the initial parameter conditions it requires to converge properly,

or even to fix the positions of chosen mirror segments, which in principle should allow

the minimisation procedure to converge more accurately and more rapidly.

• Look at only mirror pairs associated with a 
spherical mirror

• If all flat mirrors misaligned in a given axis have 
same sign tilt (+/-) then align the spherical 
mirror using the most populated mirror 

combination

• If flat mirrors for one spherical mirror have 
different misalignment signs (+/-). Then align 

each flat mirror individually.

• Extracts alignment parameters for both flat 
and spherical mirrors

• Should give alignment parameters closer to 
‘true’ mirror tilts

10
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Automation Process

•Automation uses the grid to run 
an iterative process

 
• LHCb reconstruction software 

(Brunel) is run to produce 
histograms of the alignment plots

• Plots analysed by a ROOT 
macro which fits alignment 

histograms to find alignment 
parameters and mirror tilts.

• New alignment conditions are 
created and the reconstruction is 

run again.

• The process stops once all 
alignment parameters are less 

the 0.1mrads

• Takes ~7 iterations to converge

9
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Monte Carlo simulation at 450GeV

• Alignment Histogram of delta 
theta against reconstructed phi for 

Monte Carlo data gives all 
misalignments < 0.1 mrads

•The delta Cherenkov distribution 
is plotted and fitted with a 

Gaussian peak

• For a perfectly aligned system a 
width of the delta Cherenkov 

angle of 1.41 mrads is expected

10

LHCb Monte Carlo preliminary

LHCb Monte Carlo
preliminary
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Monte Carlo simulation at 450GeV Misaligned

• Several misalignments can clearly be 
seen

•  Misalignments are caused by 
individual mirror misalignments

•  Misalignments can not be corrected 
for by rotating the whole detector 

only

• Monte Carlo data was created with 
randomly misaligned RICH1 mirror 

segments.

• This data was then used to trial 
alignment methods. In attempt to 

recover the aligned state.

11

LHCb Monte Carlo preliminary

LHCb Monte Carlo preliminary
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Monte Carlo simulation at 450GeV After Alignment

•  Alignment process converged after 
5 iterations 

• All alignment coefficients returned 
less than 0.1mrads

• Delta Cherenkov angle distribution 
returned has a width of 1.43mrads

• Only 0.02 mrads larger than a 
perfectly aligned Monte Carlo system

12

LHCb Monte Carlo preliminary

LHCb Monte Carlo
 preliminary
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2009 450GeV Collisions Data Before Alignment

• A misalignment is observed

• Parameters are larger than required 
0.1mrads

• Statistics allow for the correction of 
one mirror pair per spherical mirror 

only

• The delta Cherenkov angle has an 
initial distribution with width 3.19 

mrads

13

LHCb data preliminary

LHCb data 
preliminary
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2009 450GeV Collisions Data After Alignment

•  After alignment method is applied all 
parameters less than required 0.1mrads

•Alignment tilts applied are within the order of 
1mrad

14

• Delta Cherenkov angle distribution of 
2.17mrads achieved with limited statistics

• Difference from Monte Carlo possibly due to 
HPD misalignment, magnetic distortion effects 
not being fully understood or lack of statistics. 

Currently being studied

LHCb data preliminary

LHCb data 
preliminary
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Summary

• Alignment method shown to be successful for Monte Carlo data. 

•  Aligned Monte Carlo state has a delta CK width 0.02mrads larger than 
a perfectly aligned system

•  After the alignment all mirror combinations have misalignment 
parameters less than 0.1mrads as required

• Alignment process has been applied 2009 data and is ready for use on 
data to be taken this year

• Photon detector alignment is currently being studied

• Method automated and ready for use on collision data during 2010

15
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Misalignment effects in RICH detectors at the LHCb
Chapter 2. RICH Alignment With Data 24
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Figure 2.2: Particle identification efficiency for kaons as a function of momentum,

for a perfectly aligned detector (left) and a misaligned one (right). Here, a kaon is

considered successfully identified if the particle type hypothesis selected is that of a

kaon, or heavier particle (K, p).
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Figure 2.3: Particle identification efficiency for pions as a function of momentum,

for a perfectly aligned detector (left) and a misaligned one (right). Here, a pion is

considered successfully identified if the particle type hypothesis selected is that of a

pion, or lighter particle (π, µ, e).

The greatest efficiency loss occurs at higher particle momenta; these losses are given in

Tab. 2.1 for two momentum ranges (roughly before and after Cherenkov angle satura-

tion).

2.2 RICH Alignment Strategy

As discussed in section 1.5.2, Cherenkov photons originating from a particle track in a

given radiator undergo reflection from the spherical and flat mirrors of the detector and

their impact (known as hits) on the photodetector plane is recorded. These hits are

Kaon identification decreases by 10% when 
this misalignment is applied.

17
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Theoretical context 13
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Figure 2.1: The unitarity triangle corresponding to equation 2.33. The base of the triangle has unit
length by convention.

Since the CKM matrix contains a complex phase, the matrix elements will not necessarily be
equal to their complex conjugates - i.e. Vi j �= V ∗

i j. The Lagrangian may therefore be changed
under the CP transformation resulting in a violation of the CP symmetry.

The unitarity of the CKM matrix leads to a set of 6 orthogonality relations which can be
represented as 6 triangles in the complex plane. However, in only two of them, all three sides
are of comparible size, while the remaining triangles all contain one side that is suppressed
in length relative to the others. The orthogonality relations describing the two non-squashed
triangles are given by:

VudV ∗
ub +VcdV ∗

cb +VtdV ∗
tb = 0 (2.33)

VtbV ∗
ub +VtsV ∗

us +VtdV ∗
ud = 0 (2.34)

The triangle corresponding to equation 2.33 is shown in figure 2.1 and is defined by three
angles: α, β and γ. One of the primary goals of the LHCb experiment is to test the CKM
formalism and search for New Physics by measuring the angles of the two non-squashed trian-
gles. Such measurements can provide unambiguous evidence of physics beyond the Standard
Model in two different ways. Firstly, if the measured values of α, β and γ do not sum to 180◦
then the way in which CP violation is currently incorporated within the Standard Model is
wrong. A new mechanism would therefore be needed to explain this phenomenon. Secondly,
by measuring the angles given by equations 2.33 and 2.34 via tree-level decay channels, which
have little sensitivity to new physics processes, a comparison can be made to the corresponding
measurements made using decay channels that are susceptable to perturbative effects caused
by loop contributions due to non-SM particles. Any significant discrepancy between these two
sets of measurements would therefore be a conclusive sign of New Physics.

The LHCb is a dedicated B physics experiment at the LHC

Aims to perform precision measurements of CKM angles.

Search for physics beyond the standard model through rare B decays

18

The physics at the LHCb
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Alignment Strategy

Various methods have been trailed:

• Align only the spherical mirrors

• Align only the flat mirrors

• A system to align the top and bottom 
half separately with respect to one 

mirror segment

• A system to disentangle a 
misalignments in spherical mirrors from 

flat mirrors

Chapter 3. Alignment Results 48
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Figure 3.16: The RICH1 mirror numbering scheme used in the alignment simulation,

as seen looking from the interaction point. The cut–away section through the spherical

mirrors for the LHCb beam pipe is shown.

A laser monitoring system
[16]

is used in both RICH detectors to independently monitor

the positions of chosen mirror segments. This information may be used to provide the

alignment software with the initial parameter conditions it requires to converge properly,

or even to fix the positions of chosen mirror segments, which in principle should allow

the minimisation procedure to converge more accurately and more rapidly.
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Alignment Strategy

• From these projections the mirror tilts can be found

4 Alignment method for RICH detector 16

4.1.2 Finding the mirror tilts

The relation between the projected misalignments in the Cherenkov angle θx and θy

and the tilts in the z and y plane, respectively, of either the spherical mirrors ϑzs, ϑys

or the flat mirrors ϑzf , ϑyf .1 To find these relationships first the spherical mirrors
are tilted by a known amount, 1mrad, in x and then in y. This process is done
using a python steering option and Monte Carlo data, as the Monte Carlo system is
perfectly aligned. In each case a histogram is plotted of ∆θ against φCK . From the
plot after a 1mrad tilt of the spherical mirror in the x plane the parameter θx can
be extracted. Knowing the tilt of the mirror and the misalignment parameter θx

the relationship between a tilt and the alignment parameter, θx can be found using
equation 4.3.

xs = µx
ijθx (4.3)

Where µijxs is the magnification factor for a tilt is the LHCb x axis of a spherical
mirror for mirror combination i, j where the spherical mirror is denoted by i and
flat mirror by j. This number is unique for each mirror pair and must be found for
every mirror pair. This process is repeated for tilt in the y direction of the spherical
mirrors and for both x and y tilts for the flat mirrors.

Once these magnification factors are well known a misaligned mirror combination
tilt can be found from extracting the alignment parameters from a ∆θ against φCK

plot and dividing my the magnification factor for that given mirror combination.
The misalignment can then be corrected for by artificially tilting a single mirror

in the mirror pair by minus the shift found, -ϑzs. After this tilt Brunel is re-run
to produce the alignment histograms for each mirror combinations. New alignment
parameters can then be found for the new mirror tilts. If these alignment parame-
ters are larger than the desired alignment accuracy of 0.1mrads then new tilts are
found and the mirrors are re-aligned. This process is repeated until all alignment
parameters are less than 0.1mrads.

4.1.3 Global Alignment of mirrors

Each mirror combination can be corrected for using the method above. However
some mirror pairs share individual mirrors with other mirror pairs. This means that
all mirror pairs can not be corrected simultaneously using the method above, as
the same physical mirror would need to be tilted by more than one different value.

1
These tilts given in the local co-oridate system of the mirror are generally given in the LHCb

detector. Therefore ϑzs, is usually given as xs and ϑys is written as ys

• Find the magnification factor (μxij) by tilting the mirrors by a known angle (1mrad) using 
Monte Carlo data and extracting θ projected misalignment from the alignment plots

•  μxij must be found for each mirror pair, i,j.

• The alignment parameters are then found for real data.

• Applying the magnification factors from Monte Carlo data the mirror tilts are found

• The mirrors are aligned by tilting them by the negative of the misaligned tilt found

• Process is repeated until all alignment parameters less than 0.1mrads

*s index for spherical mirror

10
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Alignment Strategy

• Tracks are reconstructed

• Cherenkov rings are found on the HPD 
plane

• Tracks are then selected to use for 
alignment
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rings were used without significantly reducing 
the statistics available. 
To select only  saturated tracks a cut value on 
the ring radius was used. This value was 
determined by a comparing a plot of ring 
radius against momentum for the given 
radiator with figure 5. A cut of ~65mm for 
C4F10 was observed to give a similar cut on 
the size of the rings as the accepted cut of 
10GeV on the momentum. This cut on the 
radius also removes the error due to the 
unsaturated kaons. The ring radius is 
proportional to the Cherenkov  angle theta, 
figure 6. This proportionality  makes it simple 
to change between working on the HPD plane 
and in angle space.

 2r

 Spherical
mirrorθ

 Flat 
mirror

Figure 6: Diagram to show how the ring radius 
can relate to the Cherenkov angle, theta.

The distance, r, is defined as the distance 
between the reconstructed track projection 
point and the photon hit on the HPD plane. 
This distance can be transformed into a value 
for the reconstructed Cherenkov  theta in 
angle space. Angle space is preferred over 
cartesian co-ordinates as working directly 
with the radius requires an further correction 
to be made due to distorted optics[4][5], 
causing rings to be elliptical on the HPD 
plane. These distortions are not observed in 
angle space, and so working in this space 
saves CPU time.
The difference in the theoretical Cherenkov 
theta and the reconstructed Cherenkov  theta 
is plotted against Phi.  To further remove 
background hits, and avoid a bias in the fitting 
procedure a gaussian curve is fitted to each 
bin of the plot. The value of the peak of the 
gaussian is taken for each bin and  is plotted. 

This produces a sinusoidal curve which can 
be fitted for. The curve is fitted of using 
ROOT2 and the fitting function equation 1.

The parameters A and B are extracted where 
A is proportional to a tilt in the y-axis of the 
mirrors and B is proportional to a tilt in the x-
ax is o f the mi r ro rs . However these 
parameters do not correspond with a one to 
one ratio to a tilt in the mirrors. Equation 2 
shows how  parameter A relates to a tilt in x
via a constant of proportionality  uxi, j for any 
given mirror combination i, j .

To extract this constant of proportionality  or 
magnification factor uxi, j  for each mirror 
combination, i, j the mirrors first need to be 
artificially tilted.

Determination of Magnification Factors

Individual mirrors can be artificially  tilted 
using a python3  script in the software. 
Artificially  tilting the mirrors by  a known 

Acos(x) + Bsin(x) + C equation 1

equation 2x = ui, j
x A

4

2 ROOT is an object oriented framework for large scale data analysis. http://root.cern.ch

3 Python, an interpreted and object-oriented programming language. www.python.org

Delta Theta against Phi 1mrad tilt in y 0003

Figure 7: Plot of delta theta against phi 
for spherical mirror 0 and flat mirror 3. 
With a tilted Spherical mirror in the y 
plane by  1mrad. Alignment parameter 
is 1.707mrads giving a magnification 
factor of 1.707.
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Figure 2.6: A track based ring finding algorithm is used to define a band r± δr (blue
circles) used for alignment photon selection. Red dots indicate the projected track

locations, and black dots the photon hits.

Fig. 2.6 shows the application of the ring finding algorithm for defining this band of

width 2δr. By tightening the band–width criteria, the isolation distance Riso may be

relaxed, retaining as many photons (statistics) as possible for alignment. The efficiency

of this background removal technique may be evaluated (using an aligned detector) by

measuring the Cherenkov angle resolution; background removal adequate for alignment

purposes should yield a resolution near to that obtained using MCTruth information.

A Ring Finding Algorithm

Finding rings in the challenging enviroment of the photodetector plane is not a trivial

task owing the various sources of background previously outlined. The ring finding

algorithm mentioned used makes use of a Fourier correlation between ‘template’ ring-

images and the ‘target’ Cherenkov rings observed on the photodetector plane[19]. A

Cherenkov ring with center (Xc, Yc) (given by the projection of the particle track) in

cartesian coordinates on the photodetector plane, formed by a set of photon hits (x, y),

may be described in the log-polar plane by making a conformal mapping:

ρ = log(r) = log
��

(Xc − x)2 + (Yc − y)2
�

, θ = atan

�
Yc − y

Xc − x

�
. (2.3)

A ‘binned’ distribution of photon hits with respect to their ring centre may created by

writing:

Track projection point

Ring found Cherenkov ring

Photon hits


