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Outline
● Why does MUonE need a precise alignment?

● Detector alignment workflow 

● Detector description

● Metrology measurements in 2023 data reconstruction

● Metrology measurements to improve the MUonE simulation
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The need of precise alignment tools in MUonE

Observables:
scattering 

angles θμ, θe

10 cm

MUonE: measurement of μe→μe interactions
at 10ppm systematic accuracy

L ~100 cm

μ μ

e
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The need of precise alignment tools in MUonE

Observables:
scattering 

angles θμ, θe

10 cm

MUonE: measurement of μe→μe interactions
at 10ppm systematic accuracy

L ~100 cm

μ μ

e

If the sensors z-position is wrong by ~10 μm: 
10ppm systematic error on θ
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The need of precise alignment tools in MUonE

Observables:
scattering 

angles θμ, θe

10 cm

MUonE: measurement of μe→μe interactions
at 10ppm systematic accuracy

L ~100 cm

μ μ

e

If the relative position/orientation
between two stations is wrong:

bad vertex reconstruction
(systematic uncertainties to be evaluated)

Precise alignment 
tools must be 

developed
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MUonE alignment workflow
0. Use the stepper motors to align each station to the beam

(and align each station relative to the others)

1. Laser survey: determine the position of the stations
in the experimental hall. O(100 μm) precision

2. 3D scanner photogrammetry: determine position and orientation
of 2S modules and targets (precision better than 100 μm?)

3. Software alignment (iterative local χ2 minimization):
use events with one single muon passing through the detector
to refine the metrology measurements
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MUonE alignment workflow
0. Use the stepper motors to align each station to the beam

(and align each station relative to the others)

1. Laser survey: determine the position of the stations
in the experimental hall. O(100 μm) precision

2. 3D scanner photogrammetry: determine position and orientation
of 2S modules and targets (precision better than 100 μm?)

3. Software alignment (iterative local χ2 minimization):
use events with one single muon passing through the detector
to refine the metrology measurements

starting point of the software alignment.
Metrology results must be expressed
in the track reconstruction formalism
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Detector description
● Target (x, y, z) position. Needed for the event selection:

select interactions that actually occurred in the target

μ μ

e
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Detector description
● 2S modules (x, y, z) position and orientation

(3 angular parameters α, θ, ɣ). Needed for track reconstruction

z

x
θ

z

y ɣ

x

y

α

● vstrip = strips direction
● vdir = direction measured by

the module (orthogonal to vstrip)
● vnorm = vector orthogonal

to the module surface

Full calculations 
in backup
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Detector description in the track reconstruction

x

z

track

2S 
module

xstub: stub position on the 2S module
xtrack: track position along the measurement direction of the 2S module 
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Detector description in the track reconstruction

x

z

track

2S 
module

Fit parameters

xstub: stub position on the 2S module
xtrack: track position along the measurement direction of the 2S module 
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Detector description in the track reconstruction

x

z

track

2S 
module

2S module
position and orientation

xstub: stub position on the 2S module
xtrack: track position along the measurement direction of the 2S module 
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Detector description in the track reconstruction

x

z

track

2S 
module

Parameter t to evaluate the track position
on the 2S module.

Depends both on the fit parameters
and the 2S module position and orientation

xstub: stub position on the 2S module
xtrack: track position along the measurement direction of the 2S module 
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Metrology measurements in 2023
Carlo’s slides - 5th MUonE collab meeting

6) Translate the results into numbers that can be used in FairMUonE 
for track reconstruction and simulation

https://indico.cern.ch/event/1382139/contributions/5830102/attachments/2809976/4904191/CM_CERN_Feb2024_Metrology.pdf
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Metrology measurements in 2023

A) Metrology: position of
the sensor facing outwards

X modules Y modules U modules V modules

2S modules position
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Metrology measurements in 2023

A) Metrology: position of
the sensor facing outwards

X modules Y modules U modules V modules

2S modules position

B) FairMUonE: the module position is
averaged between the two sensors positions
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Metrology measurements in 2023
2S modules orientation

Metrology measured:
A) vnorm

B) reference markers on the modules

To be computed: vdir and vstrip
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Metrology measurements in 2023
2S modules orientation

Metrology measured:
A) vnorm

B) reference markers on the modules

To be computed: vdir and vstrip

1) The sensors are not flat
(~100 μm deformation): project the 
four markers on the average plane

x

y
A B

CD

2) Compute vdir and vstrip

(take the average of the two possibilities)
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Outcome: modules position and orientation can be 
used as starting point of the software alignment

Δx = 200 μm Δy = 200 μm Δz = 100 μm
Δα = 1.8 mrad Δθ = 1.0 mrad Δɣ = 1.0 mrad

Estimated precision on these parameters:
More details 

in backup
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Software alignment procedure

● XY modules: 4 parameters aligned: 
x,yoffset, αoffset, θoffset

● UV modules: 3 parameters aligned: 
x,yoffset, αoffset

Final precision (studied by simulation): Δx,yoffset ~ 5 μm    Δα,θoffset ~ 2 mrad

1)  Select events with 1stub/module

2)  Track reconstruction using all modules

3)  Find the alignment corrections on each module separately:
  numerical minimisation of the local χ2 

  Start from the metrology and repeat iteratively until convergence

p = alignment parameters



21

Software alignment procedure

● XY modules: 4 parameters aligned: 
x,yoffset, αoffset, θoffset

● UV modules: 3 parameters aligned: 
x,yoffset, αoffset

1)  Select events with 1stub/module

2)  Track reconstruction using all modules

3)  Find the alignment corrections on each module separately:
  numerical minimisation of the local χ2 

  Start from the metrology and repeat iteratively until convergence

NB: some alignment parameters
are not minimised in this procedure.

Their value is fixed to the metrology outcome (ɣ, θUV, z)

p = alignment parameters
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Residuals before the alignment
ideal detector description (CAD)

Residuals xtrack – xStub for 
all the modules

No clear peaks within ±200 μm, except for 
module 6  poor detector description→
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Residuals before the alignment
detector description from metrology measurements

Residuals xtrack – xStub for 
all the modules

All residuals are centered
within ~200 μm

*metrology failed 
for this module



24

Residuals after the alignment
Residuals xtrack – xStub for 

all the modules
All residuals are well centered within 0.1 μm

Using the result of metrology measurements allows faster 
convergence towards parameters closer to the real value
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Metrology measurements
in the MUonE simulation

● MUonE: precise data/MonteCarlo comparison

● To be achieved, a precise simulation
of the detector geometry is required

● The metrology measurements are used to simulate
a realistic detector geometry, which is then aligned
following the same procedure as the real data

● This has a huge impact in reproducing the
angular resolution of the real detector
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Angular resolution

Realistic geometry

Station 1Station 0

T0
T1

Target

θres = θ0 - θ1

Define the angular resolution as

Ideal geometry

These peaks are due to the binary strip 
readout of the 2S modules, which are 

visible in a perfectly aligned apparatus

Smooth distribution, closer to the data
(the actual angular resolution value depends 
on the simulation of 2S modules electronics)
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Metrology measurements
in the MUonE simulation

Possible improvement

Current simulation Improved simulation

Only target and 2S modules are simulated.
The mechanical structure is missing

(i.e. objects are floating in air)

Include the invar structure from the 3D 
scan  simulate muon interaction with the →

mechanical structre
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Conclusions
● Metrology measurements are crucial for MUonE

● Analysis of real data:
metrology is used as starting point of the software alignment. 
Current sw alignment precision: Δx,yoffset ~ 5 μm    Δα,θoffset ~ 2 mrad
Hopefully this can improve in 2025 given
the new metrology procedure (3D scan). 

● MUonE simulation:
metrology is used to simulate a detector which has realistic misalignments
Possible improvement in 2025: include the invar 3D scan in the simulation
(and possibly also the target 3D scan)
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Backup
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Start with an X module perpendicular to the beam axis

x

y
x

z

y

z

2S modules orientation – calculations 



z

x

θ + θoffset

1) Apply the tilt

14

2S modules orientation – calculations 



z

y

ɣ + ɣoffset
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2) Apply the ɣ rotation

2S modules orientation – calculations 



3) Rotate to adjust
the strip orientation 

x

y

α + 
αoffset

16

2S modules orientation – calculations 
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2S modules orientation – calculations 
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2023 survey – determine the errors on 
modules position and orientation

a) 2S modules position
Determined from the position of fiducial markers on the frames +
optical reference markers on the 2S modules.

3 sets of measurements:
1) laser survey on the beamline
2) metrology in lab with frames mounted ON the station
3) metrology in lab with frames OFF the station

Carlo's note on 
metrology

Found differences
up to 400 μm in the measurements

ON and OFF the station
Conservative estimate:

Δx,y = 200 μm

Carlo's slides on
 metrology 5th 
collab meeting

Δ ~ 200 μm

Δ ~ 400 μm

Δz = 100 μm
(see Carlo’s presentation)

https://twiki.cern.ch/twiki/pub/MUonE/WebHome/Metrology_note.pdf
https://twiki.cern.ch/twiki/pub/MUonE/WebHome/Metrology_note.pdf
https://indico.cern.ch/event/1382139/contributions/5830102/attachments/2809976/4904191/CM_CERN_Feb2024_Metrology.pdf
https://indico.cern.ch/event/1382139/contributions/5830102/attachments/2809976/4904191/CM_CERN_Feb2024_Metrology.pdf
https://indico.cern.ch/event/1382139/contributions/5830102/attachments/2809976/4904191/CM_CERN_Feb2024_Metrology.pdf
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b) 2S modules orientation

x

y
A B

CD

A, B, C, D: optical markers
on the 2S modules

1) Δv = 200 μm 
    (see previous slide)

2) These vectors are normalized,
    then the modules orientation is
    parameterized using the angles:

3) Errors on α, θ, ɣ are then 
obtained by error propagation

Δα = 1.8 mrad
Δθ = 1.0 mrad
Δɣ = 1.0 mrad

2023 survey – determine the errors on 
modules position and orientation
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