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CMS Pixel Detector Upgrade

Measurement of the Lorentz Angle
in CMS Pixel Detector Modules. 

CMS Pixel Detector Modules CMS Pixel Detector 
Module Telescope

The CMS Pixel Detector is part of the CMS Tracker and therefore the innermost 
part of the experiment.

The good performance of the LHC in the past years in terms of instantaneuos 
luminosity raises the occupancy of the pixel detectors channels. However, the 
current pixel detector performs well under these conditions.

In the so called Phase I period, starting from 2017, it is foreseen to raise the 
instantaneuos luminosity up to L = 2 x 1034 cm-2 s-1. In the current Pixel 
Detector, this would lead to severe inefficiencies due to the buffer sizes of the 
detector‘s Readout Chips (ROCs).

Therefore, the Pixel Detector will be replaced by an entirely new device, 
featuring new readout chips with sufficiently large buffer sizes.

At the same time, the layout of the detector is changed, going from a three 
layer barrel with two endcaps to a four layer barrel design with three endcaps. 
Furthermore, the layers span a wider radius, hence improving the resultion of 
the transverse momentum and impact factor measurements.

Previous 
design

New 
design

The Pixel Detector Modules were partially assembled in Hamburg in a 
collaboration of the University of Hamburg and DESY. For the assemby, the 
silicon sensor is bump-bonded to the 16 ROCs. Then, the HDI is glued onto 
the sensor and connected to the ROCs via wirebonds. Silicon nitrate base 
strips are glued to the back of the ROCs for mounting the assembled modules 
to the detector‘s support structure.

While the ROCs have been completely redesigned in comparison to the 
previous pixel detector and now hold larger buffer sizes as well as fully 
digitized signal output, the sensor design remains the same:

>n+-in-n sensor technology

>285 μm thickness

>150 x 100 μm pixel pitch

>52 x 80 pixels covered per ROC

>16 ROCs per sensor

HDI (High Density Interconnect, 
signal and power handling)

n+-in-n silicon sensor, 66 560 pixels, 16.2 x 64.8 mm

16 ROCs, bump-bonded to sensor

Base strips for mounting

Twisted pair cable

For testing the fully assembled CMS Pixel Detector Modules at the DESY II 
Test Beam facility, a module telescope was built and commissioned.

>4 Modules - 32 mm spacing

>19° tilt for optimal charge sharing in column direction

>Possible mounting of the modules with 0° or 28° turn angle (optimal charge 
sharing angle in row direction)

>Cut out module handles for minimization of the material budget

>Use of only non-magnetic materials for 
operation in a magnetic field

>Modules are mounted on a pivoted table 
for angular scans

>EUDAQ data acqusition framework

Top view

Side view

The DESY Test Beam Facility provides free electron or positron beams to users 
mainly in the field of particle detector research and development.

The particle beams are generated by photon conversion from 6 GeV 
bremsstrahlung, which in turn is generated by stopping electrons of the DESY II 
beam at a carbon fiber target. The created electrons/positrons are separated by 
a spectrometer magnet, with can furthermore be controlled by the user to 
choose the beam energy.

DESY Test Beam Facility

>Positrons / electrons

>Energy: 1 – 6 GeV

>Beam divergence: ~ 1 mrad

>Energy spread: ~ 5 %

>Rate: Up to 10 kHz

>3 Beamlines

>Magnets available:

>1.0 T superconducting magnet, TB 24/1

>1.3 T large gap dipole magnet, TB 21

Lorentz Angle Measurement

In silicon sensors the charge carriers drift towards the electrodes with a 
velocity depending on the sensor‘s electric field and the external 
magnetic field. 

This Lorentz angle is a crucial factor in silicon sensors, since it enables 
charge sharing even for particle tracks traversing the sensor vertically. 
This charge sharing leads to a strong enhancement of resolution. In 
CMS sensors, the optimal resolution can be achieved as the charge 
carriers are spread over two pixels in projection, i.e. the charge carriers 
being the deflected by exactly one pixel‘s pitch.

To measure the Lorentz angle in the Test Beam, the CMS Pixel Detector 
Telescope was used to find the track incidence angle resulting in the 
minimum horizontal cluster size for different magnetic fields.

This measurement:

>Positrons

>Energy: 5.6 GeV

>TB area 21

>Use 1.3 T dipole magnet

>Angles covered: -6° – 12° and 21° – 38° module turn

>Four values of the magnetic field, up to B
┴
 = 1.27 T

>Combine hits in all four planes to tracks

>Extract average number of columns per cluster for one module for every run

>Fit columns per cluster vs. track angle for each magnetic field value to find the 
corresponding Lorentz angles

>Result: θ
L
(1.27 T) = (5.84 ± 0.2) °

>Extrapolate to 3.8 T (CMS solenoid) and correct for the temperature depedency of 
the electron mobility (Test Beam measurements: ~ 25 °C, CMS Pixel Detector 
operation: ~ -10 °C): θ

L
(3.8 T, 298 K) = (19.8 ± 1.1) °

>Compares well to Lorentz angle for optimal charge sharing:
θ

L, opt.
 = w/d = 19.3 °

AllPix Detector Simulation Framework Conclusion and Outlook

The CMS Pixel Telescope at the DESY Test Beam

A beam telescope consisting of four CMS Pixel Detector Modules was assembled 
at DESY and commissioned at the DESY Test Beam Facility. This telescope is used 
to verify the good performance of the modules.

Measurement of the Lorentz Angle in CMS Pixel Detector Modules

A 1.3 T dipole magnet was used to measure the Lorentz angle in the detector 
modules at the DESY Test Beam. Extrapolated to the 3.8 T magnetic field present 
at the CMS experiment and the foreseen temperatures for the operation of the Pixel 
Detector, the values have been found to be in good agreement with the expected 
values. This will enable optimal charge sharing between the pixel cells and hence a 
great enhancement of resolution.

The AllPix detector simulation framework was extended with a digitizer for CMS 
Pixel Detector modules. A charge carrier propagation model including a Lorentz drift 
and the usage of a three-dimensional map of the electric field was implemented for 
a more realistic simulation of the detector response. A simulation of the Lorentz 
angle measurement was performed. By using the same analysis framework, the 
simulation as well as the analysis were verified.

Outlook

The excellent performance of CMS Pixel Detector Modules in terms of resolution 
and efficiency has been validated in various Test Beam campaigns. After the 
replacement of the Pixel Detector in the extended 2016/17 shutdown, first collisions 
are foreseen for mid 2017.
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The AllPix Detector Simulation Framework [1] is a valuable tool for the 
development of digitizers for Monte Carlo simulations of physics data as well as 
for sensor research and development. It is based on the Geant4 [2] toolkit.

The workflow of this simulation software is as follows:

>Geant4:
>User-defined geometry, i.a. active sensor areas and passive scatterers
>Particles with user-defined parameters are tracked through the material
>Pass information on the energy deposition on the digitizer

>Digitizer:
>Charge carrier propagation to the electrodes
>Signal formation from collected charge carriers

>Save signals for every detector

AllPix was used to simulate Lorentz angle measurements as well as to validate 
previous Test Beam campaigns for the CMS Pixel Detector Upgrade.

We made use of a three-dimensional electric field map calculated from 
the TCAD sensor design for a realistic charge carrier propagation. The 
propagation model was adapted from the pixelav package [3].

Lorentz angle simulation:

>Perform scans of particle incidence angle and magnetic field

>Use the same analysis tools for both measurement and simulation
>Depencency of the Lorentz angle on the charge carrier mobility can be 

confirmed

Rotatable Table

Beam
Modules

>Test Beam Setup

>Geant4 simulated geometry

>Detailed 
simulation of the 
electric field inside 
the sensor

Without a 
magnetic field 
present, 
neglecting 
diffusion, the 
charge carriers 
move along the 
electric field lines. 

With a magnetic field 
present, the charge 
carriers are deflected 
and hence move with a 
certain angle compared 
to the electric field. This 
angle is called the 
Lorentz angle.

To measure the 
Lorentz angle in 
silicon sensors, the 
track incidence 
angle resulting in 
the minimum 
cluster size can be 
found.

Active sensor area
PCB (accounting for
scattering material)
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