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Introduction & Outline

Today’s talk:


  =▶︎ FASER detector rationale

  =▶︎ Upgrade of preshower 

          ↳ monolithic silicon pixel ASIC


  =▶︎ Upgrade of calorimeter readout scheme 


  =▶︎ FASER(ν)2 at Forward Physics Facility (FPF)

Check these out too!


  =▶︎ Noshin: first dark photon search results

  =▶︎ Tobias: neutrinos in the forward region

  =▶︎ Rosham: new physics searches at FPF


https://indico.cern.ch/event/1198609/contributions/5358343/attachments/2650490/4589011/LHCP_Noshin.pdf
https://indico.cern.ch/event/1198609/contributions/5366550/
https://indico.cern.ch/event/1198609/contributions/5358344/attachments/2651472/4590908/Physics_at_FPF_Roshan.pdf
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Introduction & Outline

The FASER experiment at LHC

Lorenzo Paolozzi - PIXEL2022 - Santa Fe 2

• ForwArd Search ExpeRiment

• Designed to search for light and 
weakly-interacting particles + 
study the interactions of high-
energy neutrinos (FaserNu)

Fluxes of high-energy SM particles are supressed
Muons and neutrinos only exception
FASER can probe Axion-Like-Particles (ALPs) model

Zero degrees angle → huge LLPs flux

Picture taken from symmetry magazine. Artwork by 
Sandbox Studio, Chicago with Ana Kova.

14/12/2022

• The ForwArd Search ExpeRiment  
‣ search for light and weakly interacting new particles (LLP) 

from rare decays of mesons (π, η, K, D, etc.) produced at the 
LHC   

๏ mostly produced at low pT, highly collimated in the very forward 
direction (θ~mrad) 

❖ σinel(13 TeV)~75 mb ➡ Ninel (Run3, 150 fb-1) ~1016

1. The FASER experiment (1/3)

Sergio Gonzalez (UniGe) 323rd iWoRiD Conference - 27.06.2022

1.1 Physics motivation

Z

X

Y high pT

π, η, K, D… → LLP

• FASER located ~480 m from the ATLAS IP along beam collision axis  
‣ TI12 service tunnel

Sergio Gonzalez-
SevillaSergio Gonzalez (UniGe)

Experiment location

4iWoRiD-2022, 27.06.2022

The ForwArd Search ExpeRiment at the LHC
Search for light, weakly interacting (LLP) new particles

↳  stemming from rare meson decays (π, η, K, D …) in 

       very forward ATLAS region (𝜃∼mrad)

Today’s talk:


  =▶︎ FASER detector rationale

  =▶︎ Upgrade of preshower 

          ↳ monolithic silicon pixel ASIC


  =▶︎ Upgrade of calorimeter readout scheme 


  =▶︎ FASER(ν)2 at Forward Physics Facility (FPF)

Check these out too!


  =▶︎ Noshin: first dark photon search results

  =▶︎ Tobias: neutrinos in the forward region

  =▶︎ Rosham: new physics searches at FPF


https://indico.cern.ch/event/1198609/contributions/5358343/attachments/2650490/4589011/LHCP_Noshin.pdf
https://indico.cern.ch/event/1198609/contributions/5366550/
https://indico.cern.ch/event/1198609/contributions/5358344/attachments/2651472/4590908/Physics_at_FPF_Roshan.pdf
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1. The FASER experiment (2/3)

Sergio Gonzalez (UniGe) 423rd iWoRiD Conference - 27.06.2022

1.2 Detector

Ex: pp ➝ A’(➝ e+e-) + X, with E(A’)~TeV
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≃7 m length, 20 cm aperture (magnets)

The FASER Experiment
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1. The FASER experiment (2/3)

Sergio Gonzalez (UniGe) 423rd iWoRiD Conference - 27.06.2022
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The FASER Experiment

2 tungsten layers (2 X0) + 2 graphite layers + 2 scintillators

≃7 m length, 20 cm aperture (magnets)
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What Are We Willing to Detect: Two Photon Signal

Chiara Magliocca | 10th BTTB Workshop 323.06.2022
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What Are We Able to Detect Well: Two Fermion Signal

Chiara Magliocca | 10th BTTB Workshop 223.06.2022
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What Are We Willing to Detect: Two Photon Signal
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New Preshower Detector [I]

2. New preshower detector (1/4)

Sergio Gonzalez (UniGe) 623rd iWoRiD Conference - 27.06.2022

2.1 Introduction

allow for the removal of some aluminum profiles (holding the scintillator station). The maximum
envelope has been defined to accommodate the size of the bottom baseplate in aluminum along the
transverse axis. The vertical axis is only driven by the LoS, defined at 253mm nominally above
the baseplate, so that the FASER Preshower has to be centered with respect to this LoS. Some530

further clearances are needed when moving FASER to accommodate with the ATLAS crossing
angle modification (maximum lowering by -18 mm while the maximum upward movement is 66
mm up from the nominal LoS, and 60 mm maximum towards the trench wall). The mechanical
design and service integration should take this constraint into account, meaning that the detector
will be able to move accordingly without interfering with neighboring parts. The latter constraint535

led to a decision to have the electrical services placed only on one side (away from the tunnel
wall) for which the available space is larger and accessibility is much better. This will make the
integration and cabling of the active patch panels much easier.

Figure 20: Left: Overview of the FASER detector as of today, with the calorimeter on the left side and the
current preshower detector highlighted in green . Right: Side view of the current preshower detector with at
the right hand side the last tracking station with the service cables connected.

The preshower layout and concept allows for modularity between the absorber plane made of
Tungsten and the instrumented plane with the readout modules. The design is to have 6 successive540

layers, each made of an absorber plane of one radiation length, followed by a readout module plane.
Figures 21 show projective and perspective views of the stackup of the proposed FASER

preshower station with a superposition of the magnet opening.
Figure 22 shows a CAD view of the integrated preshower with plastic scintillators in front and

on the rear side. The latter two counters will allow to feed additional inputs to the trigger logic board545

(TLB) which will provide online the relevant trigger decision to the preshower backend readout (see
section 7.4). The space along the beam axis between the di�erent parts is relatively large and it is
used for integration clearance but may allow to have some contingency (⇠ 40 mm) when making
the detailed integration drawings. The data cables will make the interconnection between the active
patch panels on the left hand side (looking from the front of FASER) and the GPIO cards located550
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Current preshower New preshower

• Current preshower detector 
‣ 2 layers of 3 mm-thick tungsten (~1 X0 each) + scintillator counter 

‣ distinction between photons and DIS of high energy neutrinos 

๏ though calorimeter segmentation not able to resolve two close-by high energy photons 

• Proposal of a new high-granularity preshower detector based on monolithic pixel sensors 

‣ aim for installation end of 2023, for last two years of Run 3 data-taking before LS3 

‣ project already approved by CERN (CERN-LHCC-2022-006)

Upgraded preshower detector

 =▶︎ 6 detector planes + 2 scintillators

 =▶︎ targeting installation in 2024, during LHC Run 3

↳ each plane: 1 X0 tungsten + monolithic Si pixel sensors

 =▶︎ project approved by CERN: CERN-LHCC-2022-006 

• Baseline layout 

‣ 6 layers of silicon detector plane + tungsten (1X0) 

‣ 12 modules per detector layer, each module made of 6 monolithic 

pixel ASICs 

๏ total of 432 ASICs, or 11.5M pixels

2. New preshower detector (3/4)

Sergio Gonzalez (UniGe) 823rd iWoRiD Conference - 27.06.2022

2.3 Layout
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Figure 21: Left: Front projected CAD view of the preshower detector overlaid with the yellow shade of the
the magnet aperture. Right: Perspective view of the 6 preshower planes and with the configuration of one
active patch panel per layer on one side.

in the crate on top of the preshower detector (see Figure 22).
The detector integration will be implemented in such a way that the access to some reference

points will be possible to perform a survey with the laser system to be done by the CERN BE-GS
group. The preshower station will have a system to tune its position with respect to the Tracker
stations within a few hundred microns of precision. A crane put in place for the main FASER detector555

installation and situated directly above the FASER detector, can be used to ease the installation of
the Preshower station.
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5.1 Module

The readout module will consist of an assembly of six ASICs mounted in an array of two by three.
Given the expected dimensions of an ASIC the module size will be 31⇥67 mm2 . The gap between405

the ASICs will be minimal, leading to an inactive area of the order of the guard-ring width ( . 300
`m).

Figure 13: Exploded CAD view of a module assembly. A module is composed by six ASICs glued to an
aluminum base-plate. The module flex with the electrical interconnection and the SMD components is glued
on the top of the ASICs. The bottom layer is the thermal interface sheet that will be added when integrating
a module to the cooling plate. The size is ⇠ 31 ⇥ 67 mm2.

Each module will be supported by a base-plate with thermo-mechanical and electrical insulation
features (See Figure 13). The base-plate will be made of aluminum with a high thermal conductivity.
The base-plate will be machined with six threaded holes plus a reference mounting hole and slot. It410

will then receive an electrolytic passivation treatment called hard anodising for surface insulation
and protection of the sensor edge against electrical breakdown. This procedure was already used to
produce the first thermo-mechanical prototype (Figure 14).

The electrical interface to the six ASICs for the I/O and powering will be made through a
flexible printed circuit board (PCB). Each ASIC has ⇠ 100 wire bonding pads to be interconnected415

to the flex PCB. The module flex will be interconnected to an external patch panel with zero-
insertion force connector for the digital signal, clock and command and with a separate pigtail for
the module powering.

The module will drive four types of power lines, three LV supply and one HV for the six ASICs.
While the sensors will have low current consumption (below 100 `�), the analog, the digital and420

the driver supply lines will consume ⇠ 1 A each. The system is designed to handle a module power
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Figure 15: Preshower plane layout with 12 modules mounted on a cooling plate with an overlap along the
longer side of the modules. The cooling plate size is ⇠ 20 x 20 cm2 and 5 mm thick.

Table 2: List of parts in an instrumented plane with dimensions and mass. The module consists of
all the parts described on Figure 13 except the base plate and the thermal interface sheet.

Item Number Section [cm2] Thickness [mm] Weight [g]
Module 12 6.7 ⇥ 3.1 4 84
Lower mount base plate 6 6.7 ⇥ 3.1 4 120
Upper mount base plate 6 6.7 ⇥ 3.1 8 216
Aluminum cooling plate 1 20 ⇥ 20 5 500
Tungsten absorber plane 1 20 ⇥ 20 3.5 2700

(DMLS) method4 allowing to have the design features easily implemented and especially for the
cooling channel and external interfaces. It has the advantage, after a heat post-treatment, of having
an excellent isotropic thermal conductivity of ⇠ 180 W/mK and similar mechanical properties as
with a standard aluminum material. The plan is to machine the plates after being built allowing455

to achieve the necessary precision for the reference mounting holes and for the surface roughness.
Each module will be mounted with 6 screws and fixed against the cooling plate with a thermal
interface material called soft PGS (Pyrolithic Graphite Sheet) from Panasonic. This material has
the advantage of being a dry contact with a much better conductivity than any thermal paste or grease
existing on the market provided that a relatively uniform and high compression force can be applied460

(above 50 N/cm2). The module integration allows a very modular mounting and dismounting
assembly, which facilitates the reworking of a plane in case of necessity.

4The process of compacting and forming a solid mass of material by heat but without reaching the point of liquefaction.
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Detector plane (12 modules)

• Baseline layout 

‣ 6 layers of silicon detector plane + tungsten (1X0) 

‣ 12 modules per detector layer, each module made of 6 monolithic 

pixel ASICs 

๏ total of 432 ASICs, or 11.5M pixels

2. New preshower detector (3/4)

Sergio Gonzalez (UniGe) 823rd iWoRiD Conference - 27.06.2022
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Figure 21: Left: Front projected CAD view of the preshower detector overlaid with the yellow shade of the
the magnet aperture. Right: Perspective view of the 6 preshower planes and with the configuration of one
active patch panel per layer on one side.

in the crate on top of the preshower detector (see Figure 22).
The detector integration will be implemented in such a way that the access to some reference

points will be possible to perform a survey with the laser system to be done by the CERN BE-GS
group. The preshower station will have a system to tune its position with respect to the Tracker
stations within a few hundred microns of precision. A crane put in place for the main FASER detector555

installation and situated directly above the FASER detector, can be used to ease the installation of
the Preshower station.
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Each module will be supported by a base-plate with thermo-mechanical and electrical insulation
features (See Figure 13). The base-plate will be made of aluminum with a high thermal conductivity.
The base-plate will be machined with six threaded holes plus a reference mounting hole and slot. It410

will then receive an electrolytic passivation treatment called hard anodising for surface insulation
and protection of the sensor edge against electrical breakdown. This procedure was already used to
produce the first thermo-mechanical prototype (Figure 14).

The electrical interface to the six ASICs for the I/O and powering will be made through a
flexible printed circuit board (PCB). Each ASIC has ⇠ 100 wire bonding pads to be interconnected415

to the flex PCB. The module flex will be interconnected to an external patch panel with zero-
insertion force connector for the digital signal, clock and command and with a separate pigtail for
the module powering.

The module will drive four types of power lines, three LV supply and one HV for the six ASICs.
While the sensors will have low current consumption (below 100 `�), the analog, the digital and420

the driver supply lines will consume ⇠ 1 A each. The system is designed to handle a module power
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Figure 15: Preshower plane layout with 12 modules mounted on a cooling plate with an overlap along the
longer side of the modules. The cooling plate size is ⇠ 20 x 20 cm2 and 5 mm thick.

Table 2: List of parts in an instrumented plane with dimensions and mass. The module consists of
all the parts described on Figure 13 except the base plate and the thermal interface sheet.

Item Number Section [cm2] Thickness [mm] Weight [g]
Module 12 6.7 ⇥ 3.1 4 84
Lower mount base plate 6 6.7 ⇥ 3.1 4 120
Upper mount base plate 6 6.7 ⇥ 3.1 8 216
Aluminum cooling plate 1 20 ⇥ 20 5 500
Tungsten absorber plane 1 20 ⇥ 20 3.5 2700

(DMLS) method4 allowing to have the design features easily implemented and especially for the
cooling channel and external interfaces. It has the advantage, after a heat post-treatment, of having
an excellent isotropic thermal conductivity of ⇠ 180 W/mK and similar mechanical properties as
with a standard aluminum material. The plan is to machine the plates after being built allowing455

to achieve the necessary precision for the reference mounting holes and for the surface roughness.
Each module will be mounted with 6 screws and fixed against the cooling plate with a thermal
interface material called soft PGS (Pyrolithic Graphite Sheet) from Panasonic. This material has
the advantage of being a dry contact with a much better conductivity than any thermal paste or grease
existing on the market provided that a relatively uniform and high compression force can be applied460

(above 50 N/cm2). The module integration allows a very modular mounting and dismounting
assembly, which facilitates the reworking of a plane in case of necessity.

4The process of compacting and forming a solid mass of material by heat but without reaching the point of liquefaction.
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New Preshower Detector [II]
• Baseline layout 

‣ 6 layers of silicon detector plane + tungsten (1X0) 

‣ 12 modules per detector layer, each module made of 6 monolithic 

pixel ASICs 

๏ total of 432 ASICs, or 11.5M pixels

2. New preshower detector (3/4)

Sergio Gonzalez (UniGe) 823rd iWoRiD Conference - 27.06.2022
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Figure 21: Left: Front projected CAD view of the preshower detector overlaid with the yellow shade of the
the magnet aperture. Right: Perspective view of the 6 preshower planes and with the configuration of one
active patch panel per layer on one side.

in the crate on top of the preshower detector (see Figure 22).
The detector integration will be implemented in such a way that the access to some reference

points will be possible to perform a survey with the laser system to be done by the CERN BE-GS
group. The preshower station will have a system to tune its position with respect to the Tracker
stations within a few hundred microns of precision. A crane put in place for the main FASER detector555

installation and situated directly above the FASER detector, can be used to ease the installation of
the Preshower station.
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and protection of the sensor edge against electrical breakdown. This procedure was already used to
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Figure 15: Preshower plane layout with 12 modules mounted on a cooling plate with an overlap along the
longer side of the modules. The cooling plate size is ⇠ 20 x 20 cm2 and 5 mm thick.

Table 2: List of parts in an instrumented plane with dimensions and mass. The module consists of
all the parts described on Figure 13 except the base plate and the thermal interface sheet.

Item Number Section [cm2] Thickness [mm] Weight [g]
Module 12 6.7 ⇥ 3.1 4 84
Lower mount base plate 6 6.7 ⇥ 3.1 4 120
Upper mount base plate 6 6.7 ⇥ 3.1 8 216
Aluminum cooling plate 1 20 ⇥ 20 5 500
Tungsten absorber plane 1 20 ⇥ 20 3.5 2700

(DMLS) method4 allowing to have the design features easily implemented and especially for the
cooling channel and external interfaces. It has the advantage, after a heat post-treatment, of having
an excellent isotropic thermal conductivity of ⇠ 180 W/mK and similar mechanical properties as
with a standard aluminum material. The plan is to machine the plates after being built allowing455

to achieve the necessary precision for the reference mounting holes and for the surface roughness.
Each module will be mounted with 6 screws and fixed against the cooling plate with a thermal
interface material called soft PGS (Pyrolithic Graphite Sheet) from Panasonic. This material has
the advantage of being a dry contact with a much better conductivity than any thermal paste or grease
existing on the market provided that a relatively uniform and high compression force can be applied460

(above 50 N/cm2). The module integration allows a very modular mounting and dismounting
assembly, which facilitates the reworking of a plane in case of necessity.

4The process of compacting and forming a solid mass of material by heat but without reaching the point of liquefaction.
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๏ total of 432 ASICs, or 11.5M pixels
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Figure 21: Left: Front projected CAD view of the preshower detector overlaid with the yellow shade of the
the magnet aperture. Right: Perspective view of the 6 preshower planes and with the configuration of one
active patch panel per layer on one side.

in the crate on top of the preshower detector (see Figure 22).
The detector integration will be implemented in such a way that the access to some reference

points will be possible to perform a survey with the laser system to be done by the CERN BE-GS
group. The preshower station will have a system to tune its position with respect to the Tracker
stations within a few hundred microns of precision. A crane put in place for the main FASER detector555

installation and situated directly above the FASER detector, can be used to ease the installation of
the Preshower station.
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Each module will be supported by a base-plate with thermo-mechanical and electrical insulation
features (See Figure 13). The base-plate will be made of aluminum with a high thermal conductivity.
The base-plate will be machined with six threaded holes plus a reference mounting hole and slot. It410

will then receive an electrolytic passivation treatment called hard anodising for surface insulation
and protection of the sensor edge against electrical breakdown. This procedure was already used to
produce the first thermo-mechanical prototype (Figure 14).

The electrical interface to the six ASICs for the I/O and powering will be made through a
flexible printed circuit board (PCB). Each ASIC has ⇠ 100 wire bonding pads to be interconnected415

to the flex PCB. The module flex will be interconnected to an external patch panel with zero-
insertion force connector for the digital signal, clock and command and with a separate pigtail for
the module powering.

The module will drive four types of power lines, three LV supply and one HV for the six ASICs.
While the sensors will have low current consumption (below 100 `�), the analog, the digital and420

the driver supply lines will consume ⇠ 1 A each. The system is designed to handle a module power
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Figure 15: Preshower plane layout with 12 modules mounted on a cooling plate with an overlap along the
longer side of the modules. The cooling plate size is ⇠ 20 x 20 cm2 and 5 mm thick.

Table 2: List of parts in an instrumented plane with dimensions and mass. The module consists of
all the parts described on Figure 13 except the base plate and the thermal interface sheet.

Item Number Section [cm2] Thickness [mm] Weight [g]
Module 12 6.7 ⇥ 3.1 4 84
Lower mount base plate 6 6.7 ⇥ 3.1 4 120
Upper mount base plate 6 6.7 ⇥ 3.1 8 216
Aluminum cooling plate 1 20 ⇥ 20 5 500
Tungsten absorber plane 1 20 ⇥ 20 3.5 2700

(DMLS) method4 allowing to have the design features easily implemented and especially for the
cooling channel and external interfaces. It has the advantage, after a heat post-treatment, of having
an excellent isotropic thermal conductivity of ⇠ 180 W/mK and similar mechanical properties as
with a standard aluminum material. The plan is to machine the plates after being built allowing455

to achieve the necessary precision for the reference mounting holes and for the surface roughness.
Each module will be mounted with 6 screws and fixed against the cooling plate with a thermal
interface material called soft PGS (Pyrolithic Graphite Sheet) from Panasonic. This material has
the advantage of being a dry contact with a much better conductivity than any thermal paste or grease
existing on the market provided that a relatively uniform and high compression force can be applied460

(above 50 N/cm2). The module integration allows a very modular mounting and dismounting
assembly, which facilitates the reworking of a plane in case of necessity.

4The process of compacting and forming a solid mass of material by heat but without reaching the point of liquefaction.
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Detector plane (12 modules)

6 planes in total (silicon detector + W plate)

12 modules per plane, on cooling plate

6 ASICs per module, 208x128 pixels each 
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Monolithic Pixel ASIC: Sensor
• Monolithic active pixel sensor  

‣ 130 nm SiGe BiCMOS technology (SG13G2 by IHP Microelectronics) 

‣ Low resistivity (<1 Ω.cm) ~230 µm-thick p+-substrate  

‣ High resistivity (350 Ω.cm) 50 µm-thick p-epitaxial layer (full depletion at ~120 V) 

‣ Hexagonal pixels of 65 µm sides; pixel capacitance 80 fF 

‣ In-pixel: FE (preamp, driver) and analogue memory to store charge information (ToT) 

๏ triple-well design, deep n-well  

๏ SiGe Heterojunction Bipolar Transistors (HBT) for signal amplification ➡ time resolution < 300 ps

3. Monolithic pixel ASIC (1/5)

Sergio Gonzalez (UniGe) 1023rd iWoRiD Conference - 27.06.2022

3.1 Sensor 

Sensor cross-section and 
technology

FULVIO MARTINELLI – 12TH INTERNATIONAL CONFERENCE ON POSITION SENSITIVE DETECTORS, BIRMINGHAM, 2021

• Monolithic pixel detector.
• 130 nm SiGe BiCMOS

technology provided by IHP 
Microelectronics. 

• Custom high-resistivity 50 ƫm
EPI layer. HV=-120 V, 
complete depletion. 

• Pixels integrated as triple-
wells. 

• Front-end electronics 
integrated in pixel.deep 

n-well

p-stop

p-well

pmos nmos
HBT • Monolithic ASIC in 130nm SiGe BiCMOS (*)

• Pixel size: hexagonal pixels with 65 μm side (≈ 100 µm pitch) 

• Chip size: 1.5 x 2.5 cm2

• Local analog memories to store the charge

• Ultra fast readout with no digital memory on-chip to 
minimize the dead area 

In between an imaging chip and a HEP detector

Main specifications

Pixel Size 65 μm side (hexagonal)

Pixel dynamic range 0.5 ÷ 65 fC

Cluster size O(1000) pixels

Readout time                         < 200 μs

Power consuption < 150 mW/cm2

Time resolution < 300 ps

Monolithic ASIC Specifications

Selected technology: SG13G2, by IHP microelectronics.

ASIC design in collaboration between
CERN, Univerisity of Geneva, and KIT

Chiara Magliocca | 10th BTTB Workshop 1223.06.2022

(*) See Théo Moretti’s and 
Matteo Milanesio’s talks

Monolithic active pixel sensor

130 nm SiGe BiCMOS technology (IHP SG13G2)

 =▶︎ High-resistivity (220 Ω⋅cm) substrate, about 130 μm thickness


 =▶︎ Hexagonal pixels integrated as triple wells; 80 fF  pixel capacitance

                         
                      

 =▶︎ High dynamic range for charge measurement (0.5÷65 fC); fast readout of many channels

FASER Front-end and analog memory

• BJT-based preamp with MOS 
feedback inside pixel area.

• Analog memory in pixel.
• Low-power discriminator (outside 

or inside the pixel area)
• Memory control circuit outside 

pixel.
• Discriminator output activates 

the charging of the capacitor 
Cmem.

• reset and biasIdle are used to 
discharge Cmem when no hit 
occurs and to deal with leakage 
respecively. 

Fulvio Martinelli 7ASIC for upgrade of the pre-shower detector for the FASER experiment
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September 2022: CERN SPS Test Beam (20-150 GeV e-)

20 GeV e

3

Testbeam setup in Geant4

Telescope planes 
(~%X0)

tungsten+DUTs 
(6.6 X0)

3 calorimeter modules
(25X0)

Studying resolution of the 
calorimeter

UniGe FEi4 Telescope:


tracking & trigger Calorimeter


modules
DUT

e-

calorimeter

modules



Stefano Zambito | Université de Genève 17
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S. Zambito | o.b.o. the preshower upgrade team 2

Experimental Setup

Beam pipe Telescope
DUT

GPIO 
boards

DUT: DCS-DAQ laptops

Telescope: DCS laptop

0 1 2
3 4 5

Telescope planes:

Beam axis

calorimeter

modules

S. Zambito | o.b.o. the preshower upgrade team 3

R9 R7R4

2.2 X0 2.2 X0 2.2 X0

Experimental Setup: DUT Planes

ASIC

W: 7*1.1mm

1
0

 c
m

5 cm

3 DUT planes equipped with v2 chips, each aSer 2.2 X0 of tungsten: 6.6 X0 in total (+ telescope)

ASIC

22

Testbeam setup

Telescope planes

(UniGe FEi4 Telescope)

Tungsten + DUTs 
(6.6 X0)

3 FASER calorimeter modules (25X0)

e-
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September 2022: CERN SPS Test Beam (20-150 GeV e-)

20 GeV e

DUT: 3 sensors + 6.6 X0 W
1 2 3

Calorimeter module
3

Testbeam setup in Geant4

Telescope planes 
(~%X0)

tungsten+DUTs 
(6.6 X0)

3 calorimeter modules
(25X0)

Studying resolution of the 
calorimeter

UniGe FEi4 Telescope:


tracking & trigger Calorimeter


modules
DUT

e-

G4 simulation

Calorimeter resolution data and simulation

23

● Early analysis showed data/mc 
discrepancies 

● Simulations were pointing to missing 
material upstream in simulation (NA61, 
magnets, pipes,..) → degraded resolution

● Material upstream simulation with 
G4Beamline provided by authors of [1]

● Good description of the calorimeter 
response by simulation

[1]  arXiv:2111.06855. 
Special thanks to Ali Eren Simsek and Nikolaos Charitonidis
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Diphoton Signature: Sensitivity

• The new preshower will enable the precise measurement of the di-photon final state ! 

‣ Axion-like particle (a) coupled to photons: Nγ→Na, with a→γγ 
๏ light (ma ~ 100 MeV) and highly boosted (E ~ TeV) ALP ➡ photons from the decay very closely spaced (δγγ  ~1 mm - 200 µm)  

‣ Significant extension of FASER’s sensitivity reach in the ALP phase-space

2. New preshower detector (2/4)

Sergio Gonzalez (UniGe) 723rd iWoRiD Conference - 27.06.2022

TrackerDecay volumeVeto Calorimeter

Existing 
preshower

a
γ

γ

TrackerDecay volumeVeto Calorimeter

Proposed 
preshower

a
γ

γ

(the luminosity expected to be delivered by the LHC in 2024) and 3 ab�1 (the expected luminosity
from the HL-LHC). The results are shown for two cases: i) an ideal detector with 100% identification
e�ciency for photon-pairs across the whole energy and separation range (red and blue lines); ii)220

the realistic scenario in which the e�ciencies of the preshower detector from the reconstruction
algorithm described above are applied, with di�erent scenarios of minimal separation between the
photons (black curves). Figure 5 shows clearly that the preshower detector we propose will allow
FASER to significantly extend the sensitivity reach of past experiments already with the 90 fb�1 to
be delivered by the LHC in 2024.225

Figure 5: Sensitivity reach of the FASER W-Si preshower in the ALP parameter space. The blue and red
lines show the reach for an ideal detector with 100% photon-pair reconstruction e�ciency for the Run-3
(90 fb�1) and HL-LHC (3 ab�1) expected integrated luminosities for 14 TeV collision energy. The black
lines show the sensitivity reach for 90 fb�1 of data including simulated e�ciencies for photon-pairs with
⇢W > 200 GeV and various values of XWW . The grey-shaded regions represents the parameter space currently
excluded by experiment [10][6].

The sensitivity reach is calculated for the acceptance of the proposed new FASER preshower.
The preshower will cover an area of 175 ⇥ 134 mm2, which corresponds approximately to 74% of
the total FASER acceptance (a 10 cm-radius circle determined by the magnet aperture).

As well as allowing a robust ALP! WW search, the updated detector could also improve the
search for dark-photons (�0

! 4+4�) or similar final states. Here the upgraded preshower allows230

more measurements of charged particles at the back of the detector, compared to the existing back
tracking station, and with better position resolution. This could allow to separate very closely
spaced tracks, which can not be separated with the current detector, and may allow to increase
the length of the decay volume, to include the second magnet, increasing the acceptance by 70%.
It will also make the detector more robust to possible ine�ciencies in the back tracking station235

– 9 –

ma [GeV]

g A
W

W
 [

G
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-1
]

Ideal detector, 
L=3 ab-1

Ideal detector, 
L=90 fb-1

Realistic efficiencies, L=90 fb-1 

Eγ > 200 GeV, δγγ > 200 µm

2.2 Physics potential

variation of the energies of the photon pairs. The same algorithm was also used to study how often
two photons are reconstructed when only one photon is generated. This study gives a fake rate of
about 2% for ⇢W = 1 TeV, raising to about 4% for the highest relevant photon energies.200

To evaluate the preshower performance with a more evolved reconstruction, we have developed
a di-photon event tagging algorithm that uses a convolutional neural network, which treats the event
reconstruction as an imaging problem [13][14]. The preliminary results are very promising: as
shown by the blue curve in Figure 4 the machine-learning-based approach achieves 95% e�ciency
and < 0.5% fake rate, outperforming the more conventional event-reconstruction algorithm.205

Figure 4: Di-photon event tagging e�ciency expected for the upgraded preshower. The orange line shows
the results obtained with the purposely-developed conventional algorithm. The blue line shows the results
obtained with a Machine-Learning-based approach. Photons of 1 TeV energy are considered in this study.

We highlight that a pixel pitch of 100 `m and the longitudinal granularity provided by six
silicon layers allows simultaneous reconstruction of the shower positions of two close by photons
within a large energy range (from 100 GeV to several TeV) and provides a minimum redundancy
for an e�ective operation during data taking. The marginal gain provided by the 50 µm pixel pitch
was not large enough to justify the increase of complexity, power consumption and dead space of210

the resulting ASIC.
The results obtained with the simple reconstruction algorithm were used to assess the discovery

potential for ALPs with the proposed preshower. The di-photon reconstruction e�ciencies as a
function of the photon energies and separation were used together with the ALP predicted cross-
section for the various (<0, 60,, ) points in the ALP parameter space considered. The results are215

shown in Figure 5, where the curves for FASER correspond to the observation of at least 3 signal
events with 100% background rejection, and are calculated for an integrated luminosity of 90 fb�1

– 8 –

Impact of upgrader preshower evaluated for benchmark dark photon (a) model

 =▶︎                        coupling to SU(2)L

 =▶︎ abundant LHC production

        thanks to coupling with W  

 =▶︎ a exclusively decays to 𝛾𝛾  

2 Physics motivations

2.1 Physics case120

The LHC and the HL-LHC programs o�er a unique opportunity to search for dark matter at the
high-intensity frontier, with an approach that has not been exploited so far. FASER was the first
experiment purposely designed to investigate the production at the LHC of low-mass LLPs decaying
into two leptons, thus extending the LHC physics program. The discovery potential of FASER can
be extended further by enabling the precise measurement of LLPs having photons in the final state:125

the introduction of a new preshower detector made of interleaved layers of tungsten and silicon
pixel sensors will make FASER the first and unique LHC experiment sensitive to low-mass LLPs
with photons in the final state. It will also extend the FASER detection capability to all possible
final states, maximizing the sensitivity to new physics of the experiment.

There are many models that predict LLPs decaying into photons:130

1. The benchmark model that we chose to drive the design of the high-resolution preshower
detector is that of ALPs, a broad class of pseudoscalar particles decaying into photons
[4][5][6].

2. Any model involving LLPs that can decay into final states involving neutral pions, which
then decay into two photons, like in + ! Wc0

! 3W. A prominent example is a light dark135

scalar boson [4], which decays into two neutral pions. Another example is a sterile neutrino
# decaying via # ! ac0 [7].

3. Any model and extension of the previous cases in which the LLP decays into two charged
pions and a neutral pion. An example is the * (1)⌫ or * (1)⌫�3!C0D gauge boson considered
in [8], which decays in + ! c+c�c0. Another example would be an ALP with coupling140

to gluons, which would decay for example into 0 ! c+c�W or c+c�c0 as considered in
[9]. In these cases the information from the preshower and the one from the tracker would
complement each other to reconstruct the event.

In addition to the above models, the new detector could enable the detection of a dark-sector
consisting of dark matter -1 and another state -2 with mass splitting <-2 � <-1 < 1 MeV, such145

that only decays -2 ! -1 + W are allowed.
In all the cases described, the photons would be highly energetic (O(100GeV � 5TeV)) and

very collimated. In the present FASER preshower and calorimeter, they would be indistinguishable
from any high energy neutral background particle. The high-granularity preshower proposed here
will enable these measurements in FASER. It will increase the sensitivity of the present FASER150

detector, allowing a search that is complementary to the other LHC experiments.

2.2 Expected performance

To characterise the performance of the preshower detector, we consider a model of an ALP which
couples to the field strength tensor of the (* (2)! gauge group via L ⇠ 60,,0,,̃ , as discussed
in [10]. After electroweak symmetry breaking, it acquires couplings to all the electroweak gauge155

bosons, for example ,-bosons and photons. The coupling to ,-bosons allows for an abundant

– 5 –
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Upgraded Calorimeter Readout Scheme
4

Upgraded Readout Scheme
Plan to cover full range at same time by splitting signal

Avoids using filter and having to extrapolate gains

Propose to do split optically using fiber bundle into multiple 
(two) PMTs:

Split light 1:30 between PMTs
Low energy range: 0.1-100 GeV

High energy range: 3-3000 GeV
Overlap region 3-100 GeV for cross calibration

Sune to design a prototype for fiber bundle split
and mechanical support structure for 4x2 PMTs

PMT 1

PMT 2

Current design

Poten�al upgrade

Filter

High energy range PMT

Low energy range PMT
 - saturates at high E

Operate PMTs a “medium” gain,
i.e. factor ~3 higher than current low gain

Conceptual
design

Plan to use same type
of PMTs as current
system as they have 
a large linearity range

High energy range PMT: 3-3000 GeV

Low energy range PMT: 0.1-300 GeV

⇒ 3-300 GeV overlap region for cross-calibrations

Light output reduced by optical filter,

otherwise too large signal at TeV scale

Upgrade: same PMT type, but operated at medium gain

Plan to upgrade the calorimeter readout scheme to improve range and energy scale
 =▶︎ Currently relying on single PMT, and optical filter to reduce light output by factor 10

 =▶︎ Upgrade: use two separate PMTs to cover low E (high gain) and high E (low gain) at same time

↳ Calibrations: MIP data (high PMT gain) extrapolated to low gain with LED-determined gain ratio
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Proposal [Link]: Forward Physics Facility at the LHC

FASER 2 upgrade proposed in the context of a broader Forward Physics Facility (FPF)
 =▶︎ 65 m long and 9 m wide cavern, 617-682 m west of ATLAS IP, on beam collision axis

ATLAS

UJ12

UJ18
LOS

LHC

FASER2 FASERν2

AdvSND

FORMOSA

FLARE

cryostat

LOS

FIG. 2. The FPF location is 617–682 m west of the ATLAS IP along the beam collision axis. 65 m long and
9 m wide, the FPF cavern will house a diverse set of experiments to fully explore the far-forward region.

it will house a diverse set of experiments based on di↵erent detector technologies and optimized for
particular physics goals. The proposed experiments are shown in Fig. 2 and include

• FASER2, a magnetic tracking spectrometer, designed to search for light and weakly-interacting
states, including new force carriers, sterile neutrinos, axion-like particles, and dark sector parti-
cles, and to distinguish ⌫ and ⌫̄ charged current scattering in the upstream detectors.

• FASER⌫2, an on-axis emulsion detector, with pseudorapidity range ⌘ > 8.4, that will detect
⇠ 106 neutrinos at TeV energies with unparalleled spatial resolution, including several thousands
of tau neutrinos, among the least well-understood of all known particles.

• Advanced SND, an o↵-axis electronic detector (7.2 < ⌘ < 8.4), that will study neutrinos from
charm decay and provide detailed observations of neutrino interactions for all neutrino flavors.

• FLArE, a 10-ton-scale noble liquid fine-grained time projection chamber that will detect neutri-
nos and search for light dark matter with high kinematic resolution and wide dynamic range.

• FORMOSA, a detector composed of scintillating bars, with world-leading sensitivity to mil-
licharged particles across a large range of masses.

Timeline and Cost All of the planned experiments are relatively small, low cost, require limited
R&D, and can be constructed in a timely way. To fully exploit the far-forward physics opportunities,
many of which will disappear for several decades if not explored at the FPF, the FPF and its
experiments should be ready for physics in the HL-LHC era as early as possible in Run 4. A
possible timeline is for the FPF to be built during Long Shutdown 3 from 2026-28, the support
services and experiments to be installed starting in 2029, and the experiments to begin taking
data not long after the beginning of Run 4. Such a timeline is guaranteed to produce exciting
physics results through studies of very high-energy neutrinos, QCD, and other SM topics, and will
additionally enhance the LHC’s potential for groundbreaking discoveries for many years to come.

A preliminary cost estimate for the facility by the CERN engineering and technical teams is ⇠25
MCHF for the construction of the new shaft and cavern and ⇠10 MCHF for all necessary services.
Cost estimates for the experiments roughly separate into US-based costs in the range $52-83M to
support the US-led experiments FLArE and FORMOSA and the US contribution to FASER2, and
non-US contributions to support FASER2, FASER⌫2, and Advanced SND. All of the experiments
will be supported by an international collaboration, however, and as the physics program begins in
LHC Run 4 from 2029-32, the FPF is likely to attract a large and diverse global community.

ii

EXECUTIVE SUMMARY

The Forward Physics Facility (FPF) is a proposal to build a new underground cavern at the Large
Hadron Collider (LHC) to host a suite of far-forward experiments during the High-Luminosity LHC
(HL-LHC) era. The existing large LHC detectors have un-instrumented regions along the beam
line, and so miss the physics opportunities provided by the enormous flux of particles produced
in the far-forward direction. Without the FPF, the HL-LHC will be blind to neutrinos and many
proposed new particles. However, small pathfinder experiments currently operating in the far-
forward region at the LHC have recently directly observed collider neutrinos for the first time and
demonstrated the potential for world-leading sensitivity to new physics [1–4]. With the FPF, a
diverse suite of experiments will realize this potential by detecting ⇠ 106 neutrino interactions at
the highest energies from a human source, expanding our understanding of proton and nuclear
structure and the strong interactions to new regimes, clarifying astroparticle data, and carrying
out world-leading searches for light dark matter, dark sectors, and many other new particles. As
shown in Fig. 1, the FPF physics program spans many frontiers and will greatly enhance the LHC’s
physics program through to its conclusion in the 2040s.
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FIG. 1. The rich physics program at the FPF
spans many topics and many frontiers.

The FPF is well aligned with the recommendations
of recent community studies in the US and abroad:
• Our highest immediate priority accelerator and

project is the HL-LHC,...including the construc-
tion of auxiliary experiments that extend the reach
of HL-LHC in kinematic regions uncovered by the
detector upgrades. — Snowmass 2021 Energy
Frontier Report [5].

• The full physics potential of the LHC and the HL-
LHC...should be exploited. — 1st recommendation
of the 2020 European Strategy Update [6].

The FPF requires no modifications to the LHC and
will support a sustainable experimental program, re-
quiring no additional energy for the beam beyond the
existing LHC program. In addition, as a mid-scale
project composed of smaller experiments that can be
realized on short and flexible timescales, the FPF will
provide a multitude of scientific and leadership oppor-
tunities for junior researchers, who can make important contributions from construction to data
analysis in a single graduate student lifetime.

The Facility An extensive site selection study has been conducted by the CERN Civil Engineering
group. The resulting site is shown in Fig. 2. This location is shielded from the ATLAS interaction
point (IP) by over 200 m of concrete and rock, providing an ideal location to search for rare processes
and very weakly interacting particles. Vibration, radiation, and safety studies have shown that the
FPF can be constructed independently of the LHC without interfering with LHC operations. A
core sample has been taken along the location of the 88 m-deep shaft to provide information
about the geological conditions, which will be used to refine plans and cost estimates. Studies of
LHC-generated radiation have concluded that the facility can be safely accessed with appropriate
controls during beam operations. Flexible, safe access will allow the construction and operation of
FPF experiments to be independent of the LHC, greatly simplifying schedules and budgets.

The Experiments The FPF is uniquely suited to explore physics in the far-forward region because

i

 =▶︎ Besides FASER2 and FASERν2, may host several other experiments: FORMOSA, AdvSND, FLArE, … 

https://arxiv.org/pdf/2203.05090.pdf
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FASER2 And FASERν2

FASER2 detector: wider, and longer
 =▶︎ π0 angular acceptance increasing from 0.6% to 10%
 =▶︎ Improved sensitivity to large LLP masses and longer lifetimes
 =▶︎ Larger volume requires revised instrumentation strategy: 

↳ need 4 Tm bending power: superconducting magnets
↳ much bigger tracker: silicon (mostly) replaced by SciFi

A. FASER2

FASER2 is a large-volume detector comprised of a spectrometer, electromagentic and hadronic
calorimeters, veto detectors, and a muon detector. FASER2 is designed for sensitivity to a wide
variety of models of BSM physics and for precise muon reconstruction. It builds on positive expe-
rience gained from the successful operation of the existing FASER detector [48], a much smaller
detector that is constrained to lie within a LHC transfer tunnel. The FASER2 detector, which
is designed for the FPF facility, is much larger (by a factor of ⇠ 600 in decay volume size) and
includes new detector elements. It has an increase in reach for various BSM signals of several orders
of magnitude compared to FASER and allows sensitivity to particles that were previously out of
reach, such as dark Higgs bosons, heavy neutral leptons, and some axion-like particles, as studied
in Refs. [15, 23, 49]. In addition to the BSM case for FASER2, the SM neutrino program at the
FPF will rely on the identification of muons from neutrino decays and precise measurement of their
momentum and charge. The FASER2 spectrometer will be integral for these measurements for
both FASER⌫2 and FLArE.

To enable realistic detector design studies, a Geant4 geometry of the proposed detector has
been created; a diagram is shown in Fig. 10. The overall FASER2 design is largely driven by the
spectrometer with further consideration having been given to deliverable and a↵ordable magnet
technology leading to a split spectrometer with a large-volume dipole magnet. The magnet has a
rectangular aperture of 1 m in height and 3 m in width. This also defines the transverse size of
decay volume, which is the 10 m un-instrumented region upstream of the first tracking station (a
3 ⇥ 1 ⇥ 10 m3 cuboid) and downstream of the first veto station. The transverse size is driven by
the need to have su�cient sensitivity to BSM particles originating from heavy flavor decays.

The baseline magnetic field is one with 4 Tm of bending power. This field strength is required
to achieve su�cient particle separation, momentum resolution, and charge ID performance for
the BSM and neutrino program. Superconducting magnet technology is required to maintain
such a field strength across a large aperture. Technology based on the magnet of the SAMURAI
experiment [50] is currently being pursued. The tracking detectors are foreseen to use a SiPM
and scintillating fiber tracker technology, based on LHCb’s SciFi detector [51]. This technology
gives su�cient spatial resolution (⇠ 100 µm) at a significantly reduced cost compared to silicon
detectors. However, the use of silicon-based tracking detectors will be explored for the interface
between FASER2 and FASER⌫2, and for the first tracking station downstream of the decay volume.

The calorimeter is foreseen to be based on dual-readout calorimetry [52, 53] technology, building
from experience of existing prototypes for future collider R&D, but modified for the specific physics

FIG. 10. Schematic diagram of the full FASER2 detector, showing the veto system, un-instrumented 10 m
decay volume, tracker, magnet, electromagnetic calorimeter, hadronic calorimeter, iron absorber, and muon
detector.

8

FIG. 4. Examples of FPF Sensitivity to BSM Physics. Left: The reach of FASER2 in the search for
inelastic dark matter [18]. The thermal relic target line is marked with black solid line. Right: The reach of
FORMOSA and FLArE in the search for millicharged particles [17, 19].

As noted above, comprehensive discussions of the prospects for the FPF to discover new physics
can be found in Refs. [13, 14]. Two examples are shown in Fig. 4. In the left panel, the expected
sensitivity of FASER2 to inelastic DM is shown for the example benchmark scenario indicated in
the figure [18]. The search is focused on displaced semi-visible decays of highly-boosted excited
DM states produced in pp collisions at the LHC. As can be seen, FASER2 will be able to deci-
sively test a broad swath of parameter space where DM is produced in the early universe through
thermal freezeout. Notably, the high energies available at the LHC allow for probes of larger dark
sector masses than in beam-dump searches, while sensitivity to highly-displaced decays leads to a
sensitivity reach that is complementary to the existing large-scale LHC detectors.

The prospects for millicharged particle (mCP) searches are shown in the right panel of Fig. 4.
Such particles provide an interesting BSM physics target, both for their possible implications for
the principle of charge quantization and as a candidate for a strongly interacting sub-component of
dark matter. FORMOSA, a proposed scintillator-based experiment at the FPF, will have world-
leading sensitivity to mCPs [17]. As seen in Fig. 4 (right panel), when compared to existing bounds
and projections from several other ongoing or proposed experiments, FORMOSA benefits from
the high-energy LHC collisions and the enhanced mCP production in the forward region, enabling
potentially the most sensitive probe of mCPs in the broad mass range from 100 MeV to 100 GeV.

This small sampling of benchmark studies provides a few examples of the exciting BSM physics
opportunities at the FPF, which will greatly expand the existing experimental program of the
experiments currently operating at the LHC and elsewhere. The many experimental signatures
and large range of BSM particle masses that can be probed at the FPF, from MeV up to even
a few hundred GeV, provides the foundation for a broad BSM physics program that will address
fundamental questions in particle physics in a manner that is complementary to other existing and
proposed facilities.

B. Standard Model Physics

The LHC is the highest energy particle collider built to date and it is therefore also the source
of the most energetic neutrinos created in a controlled laboratory environment. Indeed, the LHC
produces intense, strongly collimated, and highly energetic beams of both neutrinos and anti-
neutrinos and all three flavors in the forward direction. Although this has been known since the

2

Inelastic DM
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FIG. 5. Neutrinos at the FPF. The neutrino flux as a function of energy for electron neutrinos (left),
muon neutrinos (middle), and tau neutrinos (right) through a 1 m⇥ 1 m area at the FPF. Also shown is the
expected precision of FPF measurements of the neutrino interaction cross section with nucleons, showing
statistical errors only. Existing data are shown from a compilation of accelerator experiments [20] and
IceCube [21].

1980s [22], only recently have two detectors, FASER⌫ [23] and SND@LHC [24], been installed to take
advantage of this opportunity. These pathfinder experiments have just recently directly observed
collider neutrinos for the first time [1–3]. By the end of LHC Run 3 in 2025, these experiments
are expected to detect approximately 104 neutrinos. The FPF experiments, with larger detectors
and higher luminosities, are projected to detect 105 electron neutrino, 106 muon neutrino, and
104 tau neutrino interactions, providing approximately 100 times more statistics over the installed
experiments, enabling precision measurements for all three flavors, and distinguishing tau neutrinos
and tau anti-neutrinos for the first time.

Fig. 5 displays the measured neutrino-nucleon charged current scattering cross sections for all
three neutrino flavors. The low-energy region has been well-constrained by neutrino experiments
using existing accelerators [20]. IceCube has also placed constraints on the muon neutrino cross
section at very high energies using atmospheric neutrinos, although with relatively large uncer-
tainties [21]. The histograms at the bottom of each panel show the expected energy spectra of
interacting neutrinos at the FPF, which peaks at ⇠ TeV energies, where currently no measure-
ments exist.

Taking into account the projected statistical precision for the inclusive cross section, the FPF
will enable improved calculations of neutrino scattering rates, a prerequisite for searching for, e.g.,
anomalous neutrino interactions in the TeV range, and validate cross section predictions required in
neutrino oscillation analyses, such as those carried out at KM3NeT and IceCube. Indeed, precision
SM calculations of neutrino cross sections make possible unique tests of neutrino interactions at
the TeV scale, and the FPF will be able to test their flavor universality across all three generations,
thanks to a large sample of 104 tau neutrinos.

The left panel of Fig. 6 displays the predicted number of electron neutrino interactions in the
FLArE detector. The baseline prediction is represented by the gray line, with the tiny black
error bars showing the corresponding statistical uncertainties. The neutrino beam is generated
through the decays of pions, kaons, and charmed hadrons. Therefore, measuring the neutrino flux
is a valuable method to probe hadron production in the forward region and provides insights into
the underlying physics that cannot be obtained otherwise. The colored dashed lines in the figure
illustrate this using three example scenarios:

• Over more than two decades, cosmic ray experiments have reported significant discrepancies

3
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FIG. 11. Conceptual design of the FASER⌫2 detector.

are currently being developed and tested for the FASER⌫ experiment. These methods include

momentum measurements using multiple Coulomb scattering information, electromagnetic shower

reconstruction, and machine learning algorithms for neutrino energy reconstruction.

FASER⌫2 has a clear and broad physics target, and the detector is based on a well-tested

technology for tau neutrino and short-lived particle detection. Further studies will be carried out

to optimize the detector performance, the detector operational environment, and the installation

scheme.

C.
Advanced SND

The Advanced SND project will extend the physics case of the SND@LHC experiment [24]. It

will consist of two detectors: one placed in the same range of pseudorapidity ⌘ as SND@LHC, i.e.,

7.2 < ⌘ < 8.4, hereafter called FAR, and the other one in the region 4 < ⌘ < 5, hereafter denoted

NEAR. The FPF can host the FAR detector. The NEAR detector, given the higher average angle,

would have to be placed more upstream to have a sizeable azimuthal angle coverage.

Here we concentrate on the FAR detector. A schematic view of the detector is given in Fig. 12. It

will be made of three elements. The upstream one is the target region for the vertex reconstruction

and the electromagnetic energy measurement with a calorimetric approach. It will be followed

downstream
by a hadronic calorimeter and a muon identification system. The third and most

downstream element will be a magnet for muon charge and momentum measurement, thus allowing

for neutrino/anti-neutrino separation for muon neutrinos and for tau neutrinos in the muonic decay

channel of the tau lepton.

The target will be made of thin sensitive layers interleaved with tungsten plates, for a total

mass of ⇠ 5 tons. The use of nuclear emulsion requires frequent replacement, given the very

high luminosity of the HL-LHC. The Collaboration is therefore investigating the use of compact

electronic trackers with high spatial resolution, fulfilling both the tasks of vertex reconstruction with

micrometer accuracy and electromagnetic energy measurement. The hadronic calorimeter and the

muon identification system will have a length of about 10�, where � is the nuclear interaction length,

which will bring the average length of the hadronic calorimeter to about 12�, thus improving the

10

FASERν2: 20-ton emulsion-based ν detector
 =▶︎ 3300 AgBr layers interleaved with tungsten plates
 =▶︎ veto + two tracker planes to interface with FASER2

   ↳ μ charge, and global event reconstruction
 =▶︎ for HL-LHC, expect: O(106) νμ, O(105) νe, O(104) ν𝜏
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Summary & Outlook

Empowering FASER’s capabilities with several upgrades… 


  =▶︎ New preshower will enable multi-𝛾 tagging and greatly increase dark photon searches’ reach

         ↳ Detector layout and mechanics design converged; pre-production ASIC extensively tested

         ↳ Final chip design just submitted to foundry: targeting preshower installation in 2024


  =▶︎ Calorimeter readout scheme upgrade: extended range and improved energy scale 


  =▶︎ Further upgrades proposed in the context of a broader Forward Physics Facility


         ↳ Wider and longer FASER2 detector to tackle larger LLP masses and longer lifetimes


         ↳ Bigger and more complex FASERν2 system to expand neutrino physics program
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Summary & Outlook

… Many years of exciting physics ahead of us! 
 Are you the

dark photon?

No Stefano,

I am your

 father!

Empowering FASER’s capabilities with several upgrades… 


  =▶︎ New preshower will enable multi-𝛾 tagging and greatly increase dark photon searches’ reach

         ↳ Detector layout and mechanics design converged; pre-production ASIC extensively tested

         ↳ Final chip design just submitted to foundry: targeting preshower installation in 2024


  =▶︎ Calorimeter readout scheme upgrade: extended range and improved energy scale 


  =▶︎ Further upgrades proposed in the context of a broader Forward Physics Facility


         ↳ Wider and longer FASER2 detector to tackle larger LLP masses and longer lifetimes


         ↳ Bigger and more complex FASERν2 system to expand neutrino physics program
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Pre-production ASIC Prototype: Tests

• Engineering run (IHP Microelectronics) 

• Reticle (2.4 x 1.5 cm2):  
‣ Three pixel matrices 

๏ FASER_MAIN 

❖ 128 x 64 pixels, 4 super-columns 

❖ in-pixel pre-amp and driver 

❖ discriminator outside 

๏ FASER_v2 

❖ 128 x 48 pixels, 3 super-columns 

❖ in-pixel pre-amp, driver, and discriminator 

๏ FASER_ALT 

❖ 128 x 48 pixels, 3 super-columns 

❖ no analogue memories.  

❖ counter for charge information 

‣ Several test structures  

๏ sensor, TDC, etc. 

• Thickness 300 µm, back-side processing

4. Pre-production chip (1/5)

Sergio Gonzalez (UniGe) 1523rd iWoRiD Conference - 27.06.2022

4.1 Submission

2

The run was submitted

Special TDC test structure

FASER_MAIN FASER_ALTFASER_v2

Wafers have arrived
• 3 standard wafers

• 3 special epi wafers

• 53 chips / layout / wafer

Lorenzo Paolozzi - FASER Technical Proposal, an overview 2
53 reticles / wafer

FASER_MAIN

• Engineering run (IHP Microelectronics) 

• Reticle (2.4 x 1.5 cm2):  
‣ Three pixel matrices 

๏ FASER_MAIN 

❖ 128 x 64 pixels, 4 super-columns 

❖ in-pixel pre-amp and driver 

❖ discriminator outside 

๏ FASER_v2 

❖ 128 x 48 pixels, 3 super-columns 

❖ in-pixel pre-amp, driver, and discriminator 

๏ FASER_ALT 

❖ 128 x 48 pixels, 3 super-columns 

❖ no analogue memories.  

❖ counter for charge information 

‣ Several test structures  

๏ sensor, TDC, etc. 

• Thickness 300 µm, back-side processing

4. Pre-production chip (1/5)

Sergio Gonzalez (UniGe) 1523rd iWoRiD Conference - 27.06.2022

4.1 Submission

2

The run was submitted

Special TDC test structure

FASER_MAIN FASER_ALTFASER_v2

Wafers have arrived
• 3 standard wafers

• 3 special epi wafers

• 53 chips / layout / wafer

Lorenzo Paolozzi - FASER Technical Proposal, an overview 2
53 reticles / wafer

FASER_MAIN

Reticle: 2.4 x 1.5 cm2

53 reticles per wafer
Thickness 300 μm

CHIP Schematic

• Chips received W24 (June 13) 

‣ 3 Standard wafers (50 Ω.cm, w/o EPI) 

‣ 3 EPI wafers (1 Ω.cm substrate + 350 Ω.cm EPI layer) 

• Probe-station measurements 

‣ achieved 200 V by connecting innermost guard ring to ground (170 V otherwise)

4. Pre-production chip (2/5)

Sergio Gonzalez (UniGe) 1623rd iWoRiD Conference - 27.06.2022

4.2. First results (1/2)
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Wafers received in Jun 2022, tested in laboratory
 =▶︎ I-V characteristics measured at probe station
 =▶︎ Charge response scrutinised with 109Cd and IR laser
 =▶︎ Stress-tests for digital electronics and readout
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• FASER chip 

‣ Chip size of 2.2 x 1.5 cm2, matrix size of 208 x 128 pixels (26’624 total pixels) 

‣ Chip divided into 13 “super-columns”, each super-column composed of i) an active region and ii) a digital 

column in the middle (40 µm) ➡ sharing of digital electronics 

๏ 2048 pixels per super-column, arranged in 8 identical “super-pixels” of 16x16 pixels each 

๏ local dead area of only 5.9% inside the pixel matrix 

‣ Digital periphery and multiple guard-ring structure

3. Monolithic pixel ASIC (2/5)

Sergio Gonzalez (UniGe) 1123rd iWoRiD Conference - 27.06.2022

3.2 Chip layout

Main chip specifications

Pixel size 65 µm (hexagonal)

Pixel dynamic range [0.5 fC; 65 fC]

Cluster size ~1000 pixels

Readout time 200 µs

Power consumption <~150 mW/cm2

Time resolution <~300 ps

Final chip design
• Extension to 13 columns.

• Minor modification on power routing.

• Minor modification on periphery digital logic.

• Increased pad size and pitch.

• Increased pad separation from chip edge.

Would you like to know more?
Team working on ASIC design:
• Fulvio Martinelli
• Lorenzo Paolozzi
• Roberto Cardella

8/4/2022 Lorenzo Paolozzi - FASER General Meeting 202.2 cm

1.5 cm

SC-0 SC-1 SC-2 SC-12

Super-pixel

40 µm

Chip organized in 13 “super-columns”, each with:

 =▶︎ active region, subdivided into 8 “super-pixels” of 16x16 pixel each
 =▶︎ digital column (40 μm) in the middle: sharing of digital electronics 

FASER Front-end and analog memory

• BJT-based preamp with MOS 
feedback inside pixel area.

• Analog memory in pixel.
• Low-power discriminator (outside 

or inside the pixel area)
• Memory control circuit outside 

pixel.
• Discriminator output activates 

the charging of the capacitor 
Cmem.

• reset and biasIdle are used to 
discharge Cmem when no hit 
occurs and to deal with leakage 
respecively. 

Fulvio Martinelli 7ASIC for upgrade of the pre-shower detector for the FASER experiment
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↳ 16 rows of 8+8 pixels 
↳ analog multiplexer 
↳ 4-bit flash ADC

Super pixel:

↳ 3 fast-OR lines
↳ local bias circuit
↳ programming logic to 

      mask pixels

Monolithic Pixel ASIC: Chip Structure

Dead area <5%

Digital periphery on the bottom, and multiple guard-ring structure
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• Pixel row 

‣ 8 pixels at either side of the digital column 

‣ charge measured per pixel 

๏ hit above threshold ➡ signal sent immediately to the periphery

3. Monolithic pixel ASIC (3/5)

Sergio Gonzalez (UniGe) 1223rd iWoRiD Conference - 27.06.2022

3.3 Pixel structure
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out[5]
out[7]
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to TDC

to ADCAnalogue 
memory

Bias 
circuit

Row 0 right

Row 0 
left

Charge measured per-pixel, simultaneously for different super-pixels

Monolithic Pixel ASIC: Pixel Circuitry

Pixel Row Structure
• When an hit arrives a signal is produced

• The signal gets amplified by the PRE-

AMPLIFIER 

• The signal is sent ouside the pixel to the 

COMPARATOR

Chiara Magliocca | 10th BTTB Workshop 1423.06.2022
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SIGNAL Amplified 
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Signal

hit  or no
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• Pixel row 

‣ 8 pixels at either side of the digital column 

‣ charge measured per pixel 

๏ hit above threshold ➡ signal sent immediately to the periphery
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3.3 Pixel structure
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Charge measured per-pixel, simultaneously for different super-pixels

 =▶︎ hit above threshold generates signal sent to periphery via fast-OR

Monolithic Pixel ASIC: Pixel Circuitry

Pixel Row Structure
• When an hit arrives a signal is produced

• The signal gets amplified by the PRE-

AMPLIFIER 

• The signal is sent ouside the pixel to the 

COMPARATOR

Chiara Magliocca | 10th BTTB Workshop 1423.06.2022
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• Pixel row 

‣ 8 pixels at either side of the digital column 

‣ charge measured per pixel 

๏ hit above threshold ➡ signal sent immediately to the periphery
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3.3 Pixel structure
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Charge measured per-pixel, simultaneously for different super-pixels

 =▶︎ hit above threshold generates signal sent to periphery via fast-OR
 =▶︎ charge is stored into pixel’s analog memory

Monolithic Pixel ASIC: Pixel Circuitry

Pixel Row Structure
• When an hit arrives a signal is produced

• The signal gets amplified by the PRE-

AMPLIFIER 

• The signal is sent ouside the pixel to the 

COMPARATOR

Chiara Magliocca | 10th BTTB Workshop 1423.06.2022
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• Pixel row 

‣ 8 pixels at either side of the digital column 

‣ charge measured per pixel 

๏ hit above threshold ➡ signal sent immediately to the periphery
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3.3 Pixel structure
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Charge measured per-pixel, simultaneously for different super-pixels

 =▶︎ hit above threshold generates signal sent to periphery via fast-OR
 =▶︎ charge is stored into pixel’s analog memory

Monolithic Pixel ASIC: Pixel Circuitry

Pixel Row Structure
• When an hit arrives a signal is produced

• The signal gets amplified by the PRE-

AMPLIFIER 

• The signal is sent ouside the pixel to the 

COMPARATOR

Chiara Magliocca | 10th BTTB Workshop 1423.06.2022
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 =▶︎ after some delay, readout starts super-column after super-column

hit 
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Memory control

Lorenzo Paolozzi - Trento Workshop 17 19

0.5 fC

1 fC
2 fC

4 fC

8 fC

16 fC

32 fC
64 fC

Amplification stage

Lorenzo Paolozzi - Trento Workshop 17 18

0.5 fC

1 fC

2 fC

4 fC 8 fC
16 fC 32 fC

64 fC

Simulation data

• Total charge stored ∝ ToT 

‣ preamplifier designed to produce a signal proportional to the log of input charge 

‣ capacitor charged with a constant current during the ToT 

‣ when signal goes below threshold again, the memory is disconnected and left floating until read 

by flash ADC 

๏ low current leakage: error < 1 LSB (ADC) for readout time <= 200 µs 

Sergio Gonzalez (UniGe) 2423rd iWoRiD Conference - 27.06.2022

Monolithic pixel ASIC
Amplification stage and analogue memory 

Analog memories: capacitors inside each pixel charged with const current during ToT

Monolithic Pixel ASIC: Charge Measurement

 =▶︎ preamplifier designed to produce a signal proportional to the log of input charge
 =▶︎ when signal returns below threshold, memory is disconnected and left floating until read by flash ADC 
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Pre-production Chip (2022)

• Engineering run (IHP Microelectronics) 

• Reticle (2.4 x 1.5 cm2):  
‣ Three pixel matrices 

๏ FASER_MAIN 

❖ 128 x 64 pixels, 4 super-columns 

❖ in-pixel pre-amp and driver 

❖ discriminator outside 

๏ FASER_v2 

❖ 128 x 48 pixels, 3 super-columns 

❖ in-pixel pre-amp, driver, and discriminator 

๏ FASER_ALT 

❖ 128 x 48 pixels, 3 super-columns 

❖ no analogue memories.  

❖ counter for charge information 

‣ Several test structures  

๏ sensor, TDC, etc. 

• Thickness 300 µm, back-side processing

4. Pre-production chip (1/5)

Sergio Gonzalez (UniGe) 1523rd iWoRiD Conference - 27.06.2022

4.1 Submission

2

The run was submitted

Special TDC test structure

FASER_MAIN FASER_ALTFASER_v2

Wafers have arrived
• 3 standard wafers

• 3 special epi wafers

• 53 chips / layout / wafer

Lorenzo Paolozzi - FASER Technical Proposal, an overview 2
53 reticles / wafer

FASER_MAIN

Engineering run (IHP Microelectronics)

 =▶︎ In each reticle, three pixel matrices

↳ 128 x 64 pixels, 4 super-columns 
↳ in-pixel pre-amp and driver 
↳ discriminator outside

• Engineering run (IHP Microelectronics) 

• Reticle (2.4 x 1.5 cm2):  
‣ Three pixel matrices 

๏ FASER_MAIN 

❖ 128 x 64 pixels, 4 super-columns 

❖ in-pixel pre-amp and driver 

❖ discriminator outside 

๏ FASER_v2 

❖ 128 x 48 pixels, 3 super-columns 

❖ in-pixel pre-amp, driver, and discriminator 

๏ FASER_ALT 

❖ 128 x 48 pixels, 3 super-columns 

❖ no analogue memories.  

❖ counter for charge information 

‣ Several test structures  

๏ sensor, TDC, etc. 

• Thickness 300 µm, back-side processing

4. Pre-production chip (1/5)

Sergio Gonzalez (UniGe) 1523rd iWoRiD Conference - 27.06.2022

4.1 Submission

2

The run was submitted

Special TDC test structure

FASER_MAIN FASER_ALTFASER_v2

Wafers have arrived
• 3 standard wafers

• 3 special epi wafers

• 53 chips / layout / wafer

Lorenzo Paolozzi - FASER Technical Proposal, an overview 2
53 reticles / wafer

FASER_MAIN

Reticle: 2.4 x 1.5 cm2

53 reticles per wafer
Thickness 300 μmFASER_v1 (baseline)

FASER_v2

↳ 128 x 48 pixels, 3 super-columns 
↳ in-pixel pre-amp, driver, and discriminator 

FASER_v2

FASER_v1 FASER_ALT

↳ 128 x 48 pixels, 3 super-columns 
↳ no analog memories

FASER_ALT

↳ counter for charge measurement

 =▶︎ Several test structures (TDC, etc…)
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Evaluating charge response with infrared laser 

 =▶︎ varying per-pixel injected charge via laser attenuator
 =▶︎ measuring ToT via fast-OR signal on the scope 

Each colored line is a different pixel

Pre-production Chip: TOT (Charge) Mismatch [I]

Test with FAST-OR circuits: TOT mismatch

Lorenzo Paolozzi - PIXEL2022 - Santa Fe 25

Analog: 0.7 µA / pixel Analog: 2.3 µA / pixel

Some mismatch observed from amplifier response: need to increase the size of load transistors

14/12/2022

Each colored line is a different pixel

 =▶︎ measurement repeated at different Ipreamp 

Ipreamp = 0.7 μm 
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Test with FAST-OR circuits: TOT mismatch

Lorenzo Paolozzi - PIXEL2022 - Santa Fe 26

Lesson learned:
• Improvement of front-end response uniformity in production ASIC.

Front-end mismatch in pre-production prototype
(Cadence Spectre simulation)

Front-end mismatch in production ASIC
(Cadence Spectre simulation)

14/12/2022

Pre-production Chip: TOT (Charge) Mismatch [II]

Cadence Spectre Simulation:

front-end mismatch in pre-reduction prototype

Cadence Spectre Simulation:

front-end mismatch in production ASIC

Expect improvement of front-end uniformity in production ASIC thanks to bigger transistors
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Small Prototype Chip (2021)

FASER Prototype-0

Fulvio Martinelli 4

• First prototype designed in 2020.
• Target: study different levels of 

integration of the front-end electronics 
inside the sensitive area of the pixels. 

• Design process focused on:
• Minimize dead area
• Minimize routing capacitance
• Maximize stability 
• 1 fC charge discrimination 

threshold.

Work reported in 
Martinelli, Fulvio, et al. "Measurements and analysis of different front-
end configurations for monolithic SiGe BiCMOS pixel detectors for 
HEP applications." Journal of Instrumentation 16.12 (2021): P12038.

2.
6 

m
m

1.7 mm

ASIC for upgrade of the pre-shower detector for the FASER experiment

FASER Prototype-0

Fulvio Martinelli 4

• First prototype designed in 2020.
• Target: study different levels of 

integration of the front-end electronics 
inside the sensitive area of the pixels. 

• Design process focused on:
• Minimize dead area
• Minimize routing capacitance
• Maximize stability 
• 1 fC charge discrimination 

threshold.

Work reported in 
Martinelli, Fulvio, et al. "Measurements and analysis of different front-
end configurations for monolithic SiGe BiCMOS pixel detectors for 
HEP applications." Journal of Instrumentation 16.12 (2021): P12038.

2.
6 

m
m

1.7 mm

ASIC for upgrade of the pre-shower detector for the FASER experiment

First chip prototype tested in 2021

 =▶︎ designed to study different levels of integration of front-end electronics
 =▶︎ simultaneous goals: minimize dead area and routing capacitance, maximize stability 

Best expected performance

Backup options for further studies

From all electronics in pixel

To all electronics outside pixel

F. Martinelli et al. 
2021 J. Inst. 16 P12038


https://doi.org/
10.1088/1748-0221/16/12/P12038 

https://doi.org/10.1088/1748-0221/16/12/P12038
https://doi.org/10.1088/1748-0221/16/12/P12038
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Small Prototype Chip (2021)

First chip prototype tested in 2021

 =▶︎ designed to study different levels of integration of front-end electronics
 =▶︎ simultaneous goals: minimize dead area and routing capacitance, maximize stability 

Small Prototype: Results and Comments

• The last two configurations represent a good compromise between
comptacness and performances

• Configurations integrated in the pre-production chip

Chiara Magliocca | 10th BTTB Workshop 1023.06.2022

F. Martinelli et al. 
2021 J. Inst. 16 P12038
https://doi.org/10.1088/174
8-0221/16/12/P12038

Last two configurations are good compromise between compactness and performance:

adopted for pre-production prototype

F. Martinelli et al. 
2021 J. Inst. 16 P12038


https://doi.org/
10.1088/1748-0221/16/12/P12038 

https://doi.org/10.1088/1748-0221/16/12/P12038
https://doi.org/10.1088/1748-0221/16/12/P12038
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Monolithic Pixel ASIC: Charge Digitization & Readout
ASIC Structure and Readout 

• When we have an hit into pixel, a copy of the 
signal exit IMMEDIATELY the pixel through the 
FASTOR

• Each FASTOR send a signal to the perifery to start 
the READOUT 

• To be sure we collected the charge entirely, the 
perifery waits a bit before starting the READOUT

• If in a super-pixel zero FASTOR are active, zero bit 
are sent to the periphery (optimization)

• A super-column is composed of 8 superpixels
(16x16 pixels)

• Each super-column contain the entire logic
necessary to read its own information (readout)

SIGNAL
COPY 2

From FASTOR to 
periphery that
starts READOUT

Chiara Magliocca | 10th BTTB Workshop 1523.06.2022

Super-pixel 

Fulvio Martinelli ASIC for upgrade of the pre-shower detector for the FASER experiment 9

Each super-pixel includes
• 16 pixel rows of 8 (left) 

+ 8 (right). 
• A 256-to-1 analog MUX

and a 4 bit flash ADC.
• 3 fast-OR lines.
• Correspondent block in 

super-column logic. 3

1
2

3
2

1

3

1
2

3
2

1

Each number corresponds to a different TDC channel (and fast-OR line) • Periphery 
‣ Times of arrival of fast-OR signals digitized at the base of the super-column with a 24-channel TDC 

‣ Following the trigger generation, the digital periphery will start the readout of the chip (super-column after super-
column) after a programmable delay (up to 2.55 µs) 

๏ to account for the distribution of the global trigger accept (L1A) from FASER’s trigger logic to the preshower planes (trigger signals 
generated by calorimeter and scintillators) 

‣ During readout, the charge stored in the analogue memories are digitized at SP level 

• Slow control via SPI commands (pixel masking, 8-bit bias DACs) 

• Baseline readout mode: single 200 Mbps output data link (single DRM)

3. Monolithic pixel ASIC (5/5)

Sergio Gonzalez (UniGe) 1423rd iWoRiD Conference - 27.06.2022

3.5 Periphery and readout

4

End of column and periphery

TDC

Periphery of matrix with three super-columns (from pre-production ASIC)

I/O pads


