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Abstract. FASER is searching for light, weakly-interacting particles at the Large Hadron Collider. The first
search for Axion-like particles (ALPs) decaying to a photon pair using data collected in 2022 and 2023 was
performed and successfully excluded regions not previously ruled out. To further reduce neutrino background,
a new preshower detector will be installed by the end of 2024. The detector is based on a monolithic active
pixel sensor in 130 nm SiGe BiCMOS, which will allow resolving the photon pairs interacting in the preshower
detector. The final ASICs have been produced in May 2024 and are currently being validated.

1 Introduction

The ForwArd Search ExpeRiment (FASER) [1] is an ex-
periment at the Large Hadron Collider (LHC) designed to
search for light, weakly-interacting particles. Positioned
at 480 m downstream from the ATLAS interaction point
(IP1) on the beam collision axis, the FASER detector stud-
ies long-lived particles (LLPs), which are often highly
boosted and travel several hundred meters before decay-
ing. Most Standard Model (SM) particles either get ab-
sorbed by approximately a hundred meters of rock in front
of the FASER detector or are deflected by the LHC mag-
nets before reaching the FASER detector, making it an
ideal location for LLP searches.

Candidates for LLPs include new particles in a hid-
den sector, weakly interacting with the SM. The beyond-
the-SM (BSM) scenario could explain dark matter (DM),
which highly motivates search for the new particles. In ad-
dition to BSM particle searches, FASER also studies SM
particles generated in the forward direction, such as neu-
trinos and muons.

Figure 1 shows a sketch of the FASER detector. On the
detector upstream side, the right side in the sketch, there is
a neutrino detection part (FASERν). FASERν consists of
a front scintillator veto system, an emulsion detector with
1-ton tungsten target, and the interface tracker (IFT) for
muon charge separation. On the downstream side, the left
side in the sketch, there is a detector part to search for new
particles. The part is composed of the scintillator veto sta-
tion, the decay volume, the timing scintillator station, the
FASER tracking spectrometer, the preshower scintillator
system and the electromagnetic (EM) calorimeter system.
The detector includes three 0.57 T dipole magnets, one
surrounding the decay volume and the other two embed-
ded in the tracking spectrometer.
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Figure 1. A sketch of the FASER detector, showing the different
sub-detector system. The detector coordinate is also shown [2].

A search for dark photons, decaying into electron-
positron pairs, was performed using data collected in
2022 [3]. A search for Axion-like particles (ALPs), decay-
ing into photon pairs, was reported [4]. For the first time,
neutrinos from colliders were directly observed using the
electronic component of FASER in 2022 data [5]. Electron
neutrinos were also directly detected for the first time us-
ing a nuclear emulsion detector, FASERν [6]. The cross-
section for both electron and muon neutrinos were also
measured in the unexplored TeV range with FASERν [7].

2 Search for ALPs with the FASER
detector

ALPs is a general term for pseudoscalar particles, includ-
ing axions. Here, we consider a scenario where ALPs in-
teract with SU(2)L gauge bosons and, after electroweak
symmetry breaking, interact with photons and weak gauge
bosons. The Lagrangian L is expressed as

L ⊃ −
1
2
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aa2 −

1
4
gaWWaWa,µνW̃a

µν , (1)



where ma and a represent the mass and field of the ALP, re-
spectively, gaWW is the coupling constant between the ALP
and weak gauge bosons, and Wµν represents the SU(2)L
field strength.

Using data collected in 2022 and 2023 (57.7 fb−1),
FASER searched for ALPs decaying into two photons.
Since ALPs have no electric charge, they leave no sig-
nal in the veto stations and the tracking detectors. High-
energy photon pairs emitted from ALP decays interact in
the preshower and are observed as EM showers in the
calorimeter. Due to the collimated pair of photons, they
cannot be resolved by the FASER detector. Events ob-
served as a single EM shower with the energy of at least
1.5 TeV in the calorimeter are required. The signal region
was defined to require the energy deposited in the second
layer of the preshower scintillator exceeded 10 MIPs, and
more than 4.5 times larger than the energy deposited in the
first layer.

The primary background events are charged current
interactions of neutrinos in the preshower calorimeter.
Neutrino background events were estimated using Monte
Carlo simulations (MC) and checked with the data, con-
firming the consistency of the MC estimates. Other back-
ground considerations included inefficiencies in the veto
detectors, muons, neutral hadrons, cosmic rays, and beam
background arriving at the FASER detector, all of which
were estimated to be negligible. The most significant sys-
tematic uncertainties were the flux uncertainties of for-
ward hadrons production, followed by uncertainties in the
energy scale calibration of the calorimeter. The neutrino
background events in the signal region are summarized in
Table 1. One event was observed in the signal region af-
ter unblinding, and an exclusion limit was set as shown
in Figure 2, successfully excluding regions not previously
ruled out.

Table 1. Summary of the MC estimate of the neutrino
background in the signal region. Uncertainties on the flux, as
well as experimental uncertainties, are also given. The MC

events are normalised to 57.7 fb−1, and MC statistical
uncertainties are given [4].

> 1.5 TeV signal region
Light 0.23+0.01

−0.11 (flux) ± 0.11 (exp.) ± 0.04 (stat.)
Charm 0.19+0.32

−0.09 (flux) ± 0.06 (exp.) ± 0.03 (stat.)
Total 0.42 ± 0.38 (90.6%)

3 Preshower upgrade

LHC will complete Run 3 in 2025 and continue Run 4,
as part of High Luminosity LHC, after Long Shutdown 3.
The continuation of running FASER in Run 4 has been ap-
proved by the CERN Research Board, which will increase
the dataset in the future analysis. However, given that neu-
trinos are the main background and considering the un-
certainties of the neutrino flux in the forward direction,
background will be dominant for the future analysis. By
the end of 2024, the preshower detector will be replaced
by a new high X-Y granularity preshower detector. The
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FIG. 9. Interpretation of the signal region yield as ALP exclusion limits with the assumption of 0.42 neutrino
background events. Systematic uncertainties described in Table V are included.

IX. CONCLUSIONS

This note presents FASER’s first search for new particles decaying into photons and ALPs,
marking its first exploration of BSM physics predominantly produced in heavy-flavour decays. Data
collected by FASER in 2022 and 2023 from proton-proton collisions at the LHC with a center-of-
mass-energy of 13.6 TeV have been studied. A model with an ALP coupling to SU(2)L gauge bosons
has been considered. Multiple SM background sources that can mimic a similar detector signal as
ALPs have been studied. The dominant background stems from neutrinos crossing the FASER
detector volume and interacting with its material. Other backgrounds such as cosmic muons and
interactions of the LHC beam with the beam gas have been studied and can be considered negligible
in the context of this analysis. One data event was observed in the signal region, with a background
expectation of 0.42±0.38. Coupling strengths of the ALP to weak gauge bosons between 3⇥10�5 to
5⇥ 10�4 GeV�1 were excluded in previously unprobed parameter space with ALP masses between
100 and 250 MeV. ALPs as heavy as 300 MeV were excluded for a coupling strength of 7 ⇥ 10�5

GeV�1.

Figure 2. Interpretation of the signal region yield as ALP ex-
clusion limits with the assumption of 0.42 neutrino background
events. Systematic and statistical uncertainties described in Ta-
ble 1 are included [4].

detector consists of six detector planes based on mono-
lithic pixel sensors [8] interleaved with tungsten plates.
This upgrade will allow resolving a pair of photons, previ-
ously observed as a single electromagnetic shower. It will
enhance the experiment’s sensitivity to the di-photon fi-
nal state and significantly reduce the neutrino background.
The expected sensitivity with the capability of the di-
photon separation was studied, as shown in Figure 3. The
new detector will also improve search for dark photons,
that decay into electron-positron pairs, or other similar fi-
nal states.

Figure 4 shows the sketch of the new preshower de-
tector. The first two tungsten plates are 6 mm thick, and
the last four plates are 2 mm thick. Each detector plane is
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What Are We Willing to Detect: Two Photon Signal
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Diphoton Signature: SensiAvity
• 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
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(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
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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
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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
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Figure 3. 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 effi-
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 sim-
ulated efficiencies for photon-pairs with Eγ > 200 GeV and var-
ious values of the diphoton separation δγ. The grey-shaded re-
gions represents the parameter space currently excluded by the
other experiments [8].



composed of 12 modules mounted on a 20 × 20 cm2 alu-
minum plate. Each module consists of 6 monolithic silicon
pixel ASICs, with 208 × 128 pixels.

The detector simulation was implemented with the
Allpix2 software framework [9]. EM showers in the
preshower detector initiated by two high energy photons
were simulated for the optimization of the preshower lay-
out and the study of the shower reconstruction algorithm.
Figure 5 shows a simulation example of pixel charge de-
posit distribution in the third layer for two 1 TeV photons
separated by 500 µm. Thanks to the high granularity and
large dynamic range of the sensor, the new preshower re-
solves the cores of the two EM showers at distances as
small as 200 µm. Energy measurements of the calorimeter
system are also studied with the same software framework.
Figure 6 shows the energy resolution as a function of beam
energy. For energies above 100 GeV, which is our primary
area of interest, FASER maintains good energy resolution
with the preshower correction.
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New Preshower Detector [I]

2. New preshower detector (1/4)
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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 scinAllators

 =▶︎ targeAng installaAon 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)
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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)
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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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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 Pre-shower Calorimeter
• P detector planes + K scintillators 

- Each plane: tungsten absorber + monolithic SiGe pixel sensors 
• Project approved by CERN: CERN-LHCC-KWKK-WWP 
• Targeting installation in December KWKX 

- Data taking during last year of LHC Run " and HL-LHC

Q

Detector plane

Figure 4. A sketch of the new preshower detector.

Figure 5. Charge distribution in the third layer of the detec-
tor from two electromagnetic showers initiated by 1 TeV photons
with 500 µm separation.

Figure 6. Energy resolution as a function of beam energy. The
preshower detector does not degrade the performance of the en-
ergy measurement of the calorimeter with preshower correction
for the energy above 100 GeV.

4 The SiGe monolithic ASIC

The monolithic active pixel sensor (MAPS) for the
new preshower detector is produced in 130 nm Silicon-
Germanium (SiGe) BiCMOS technology (SG13G2 by
IHP Microelectronics). The SiGe heterojunction bipolar
transistors (HBT), combined with CMOS transistors on
the same die, provides fast signal amplification with low
noise, enabling excellent time resolution. As shown in
Figure 7, the pixels have hexagonal shape (65 µm side)
to suppress high electric field on the edges, and the in-
terpixel pitch is ∼100 µm. The resistivity of the substrate
is 220Ω · cm and its thickness is 130 µm including the epi-
taxial layer and the substrate. A negative bias voltage
is applied to the back side, and the pixel capacitance is
80 fF. The main specifications of the sensor are a large
charge dynamic range from 0.5 fC to 65 fC, a maximum
readout time of 200 µs, a power consumption less than
150 mW/cm2 and a time resolution better than 300 ps.

Prototypes from a pre-production run were received in
June 2022. Tests of the pre-production ASICs show that
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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)
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• 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-resisLvity (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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Sensor
• Monolithic active pixel sensor (MAPS) 

NOW nm SiGe BiCMOS technology (SGNOGK by IHP microelectronics) 
• ~NOW um thick, high-resistivity (KKW Ω‧cm) substrate 
• Hexagonal pixels integrated as triple wells; jW fF pixel capacitance 
• High dynamic range for charge measurement (W.Z - PZ fC) 
• Ultra fast readout, local analog memories to store the charge in pixel
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FASER Front-end and analog memory
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feedback inside pixel area.
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• 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

   

   

    

LQ UH PS LQ UY

LQ UH PS

LQ UY

    

   

     

    
SUH PS

    

     

   

   

 PHP   6 S 

 L V LVFK UJH

UHVHW L V GOH

              

 R  O VK    

 K

Cmem

Pre-amp
Discriminator 

+ memory 
control

Stefano Zambito | Université de Genève 15

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-resisLvity (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

   

   

    

LQ UH PS LQ UY

LQ UH PS

LQ UY

    

   

     

    
SUH PS

    

     

   

   

 PHP   6 S 

 L V LVFK UJH

UHVHW L V GOH

              

 R  O VK    

 K

Cmem

Pre-amp
Discriminator 

+ memory 
control

Figure 7. A sketch of the SiGe BiCMOS chip for the new
FASER preshower [8].



all the main blocks, the front-end, flash ADC, pulsing cir-
cuit and readout logic, are functional. A large mismatch
of Time Over Threshold (TOT) response of the front-end
amplifier among the pixels was observed. The source of
the mismatch was identified and it is corrected in the final
design of the ASIC [10].

The final ASICs were fabricated and post-processed
wafers were received in May 2024 (Figure 8). The ASICs
are tested at a probe station for quality assurance. Module
assembly is being performed with dedicated support tools
in parallel with the quality assurance of the ASICs. Tests
of the detector planes and the assembled detector will be
performed in EHN1 at CERN using stray muons and cos-
mic rays.

5 Summary

FASER searched for axion-like particles (ALPs) using
data collected in 2022 and 2023. The dominant back-
groud source was neutrinos interacting at the preshower
detector of FASER. One event was observed in the sig-
nal region, with a background expectation of 0.42 ± 0.38.
FASER successfully excluded an unprobed region in the
ALP mass and coupling phase space. A W-Si high preci-
sion preshower detector is being developed to reduce the
neutrino background. It allows resolving two high energy
photons, coming from the decay of an ALP produced in
the decay volume of the detector. The new preshower de-
tector is based on a monolithic pixel ASIC developed in
130 nm SiGe BiCMOS technology. The pre-production
ASICs are intensively examined and final ASICs were re-
ceived in May 2024. The preshower detector will be tested
on the surface and installed by the end of 2024. The detec-
tor will collect data during part of LHC Run 3 and High-
Luminosity LHC.
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