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The High-Luminosity Large Hadron Collider (HL-LHC) will deliver instantaneous luminosities up
to five times higher than those of the current LHC, reaching an unprecedented 7.5× 1034cm−2s−1.
This significant increase in luminosity — resulting in an average pileup of over 200 interactions
per bunch crossing — will pose serious challenges to existing detector systems. To maintain
tracking performance under these conditions, the ATLAS Inner Detector (ID) will be replaced by
an all-silicon Inner Tracker (ITk), providing coverage up to |𝜂 | < 4 and designed to withstand
fluences up to 1.9 × 1016 neq/cm2. The ITk will consist of five pixel layers and four strip layers in
the barrel region. The innermost pixel layer will use triplet modules based on 3D silicon sensors,
offering enhanced radiation hardness. The second layer will feature quad modules with 100𝜇m
planar sensors, while the outer two layers will use quad modules with 150𝜇m planar sensors.
Testbeam activities are essential for characterizing the performance of ITk modules under the
extreme conditions expected at the HL-LHC. In this talk, we will present results from the most
recent testbeam campaigns conducted in 2024 and 2025 at the North Experimental Area at CERN.
These measurements were carried out using a 120GeV/c pion beam from the H6 beamline and a
high-resolution Mimosa telescope for precise track reconstruction. A variety of module geometries
were tested, including single-chip cards (SCC), quad, and triplet configurations, with particular
focus on the performance of irradiated sensors. These results provide critical input for the final
design validation and quality assurance processes ahead of large-scale production. Among the
tested modules was a 3D sensor from SINTEF featuring a new passivation method, irradiated to a
fluence of 1.7×1016 neq/cm2, which achieved an efficiency of 96%. Two planar sensors from FBK,
irradiated to 0.5 × 1016 neq/cm2, demonstrated efficiencies of approximately 99%. Other notable
modules tested include an HPK quad module, a Micron SCC, and an FBK SCC, all equipped with
an ITkPixV2, and two linear triplet modules—one produced by FBK and the other by SINTEF.
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1. Introduction

The High-Luminosity Large Hadron Collider (HL-LHC) will deliver instantaneous luminosities
up to five times higher than those of the current LHC, resulting in an average of more than
200 proton–proton interactions per bunch crossing. To maintain excellent tracking and vertexing
performance under these challenging conditions, the ATLAS experiment is undertaking a major
upgrade of its tracking system. The new Inner Tracker (ITk) will replace the current Inner Detector
(ID) as part of the ATLAS Phase-II upgrade. The ITk is an all-silicon tracking system designed
to withstand fluences up to 1.9 × 1016 neq/cm2 while providing precise position measurements up
to |𝜂 | < 4 [1]. Figure 1a shows the layout of the ITk, where the pixel modules are highlighted in
green and the strip detectors in blue. Figure 1b presents a 3D quarter-view of the ITk geometry,
illustrating the compact and modular design of the new tracker.

(a) Layout of ITk detector, including both pixel and strip
modules. In green are the ITk pixel modules.

(b) Sketch of the ITk, in green are pixel modules and in
blue are strips.

Figure 1: Figures taken from [2]

The ITk will play a crucial role in maintaining efficient track reconstruction and vertex iden-
tification in the dense HL-LHC environment, enabling precise reconstruction of Standard Model
processes and searches for new physics phenomena.

1.1 ITk Pixel Modules

An ITk pixel module consist of a silicon sensor bump-bonded to a 2 × 2cm2 front-end ASIC.
Each front-end chip is wire-bonded to a flexible printed-circuit board (flex PCB) that provides power
distribution and signal readout. The pixel pitch of most ITk modules is 50× 50𝜇m2; however, the
first barrel layer uses smaller pixels of 25× 100𝜇m2 to improve the impact parameter resolution.

The ITk employs n-in-p silicon sensors, replacing the n-in-n technology used in the current
Inner Detector. A key advantage of the n-in-p design is the absence of type inversion after irradiation,
which enhances both radiation hardness and long-term operational stability.

Two sensor technologies are used in the ITk pixel system: planar and 3D sensors. Planar
sensors consist of a silicon bulk with surface-implanted electrodes, as illustrated in Figure 2b. In
contrast, 3D sensors employ columnar electrodes that penetrate the silicon bulk perpendicularly
(Figure 2a). The 3D geometry produces a stronger electric field for a given bias voltage and
shortens the carrier-drift distance, thereby reducing charge trapping and lowering the depletion
voltage required for full sensor operation.

In the ITk layout, the innermost pixel layer employs 3D sensors due to their superior radiation
tolerance, while the outer layers use planar sensors for cost efficiency. Characterizing the perfor-
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(a) 3D sensor. (b) Planar sensor.

Figure 2: Schematics of a 3D and a planar sensor collecting charge after a MIP passes through them. [3]

mance of both technologies under high-fluence conditions is therefore a central objective of the
recent ITk testbeam campaigns.

1.2 The North Area of SPS

The studies presented in this work were performed in the North Experimental Area of the
Super Proton Synchrotron (SPS) at CERN. Figure 3a shows the CERN accelerator complex, where
several beamlines from the SPS deliver secondary beams to the experimental zones. The North
Area, located on the Prévessin site, includes six beamlines. For these studies, we used the H6 line,
which provides a 120GeV/c pion beam. Figure 3b shows the experimental setup used for these
measurements. The telescope consisting of three Mimosa26[4] planes placed upstream and three
downstream of the cold box where the ITk modules are. The Mimosa26 planes are monolithic pixel
sensors with a pitch of 18.4𝜇m and a time resolution of approximately 200𝜇s, providing precise
track reconstruction. Triggering is provided by small scintillators coupled to a Trigger Logic Unit
(TLU).

(a) Accelerator complex at CERN, in the end of SPS there
are the lines going to the North Area in Prevessin.

(b) Image of the experimental setup used.

Figure 3: The testbeam setup in Prevessin using the beamline H6 coming from SPS. The beam goes into the
telescope setup shown through Figure 3b

Data acquisition was performed with the EUDAQ2 framework [5] and the analysis with Cor-
ryvreckan [6], which provides a modular environment for testbeam studies. The 120GeV/c pion
beam and the high spatial resolution of the Mimosa telescope, enable detailed characterization of
the spatial response and efficiency of ITk modules under realistic experimental conditions.
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1.3 Testbeam of ITk Pixel Modules

In total, twelve ITk pixel modules were tested in these campaigns. Four modules employed
3D sensors (Table 1) and eight used planar sensors (Table 2). These tests aim to verify that each
technology satisfies the efficiency requirements after irradiation and under varying geometrical
configurations.

Module Module Type Sensor Fluence [neq/cm2] Incidence [◦] Chip Vendor

SCC 0099S SCC 3D 1.7 × 1016 0 V1.1 SINTEF
SCC 4S SCC 3D 1.7 × 1016 0 V1.1 SINTEF
SCC 29 SCC 3D 1.0 × 1016 0, 15 V1.1 FBK
SCC 3 SCC 3D 0.6 × 1016 0, 15 V1.1 FBK

Table 1: Summary of the 3D modules studied.

Module Module Type Sensor Fluence [neq/cm2] Incidence [◦] Chip Vendor

QV2_Advafab Quad Planar 0 0 V2 Advafab
QV2_HPK Quad Planar 0 0 V2 HPK
Q18 Quad Planar 0 0 V1.1 Micron
Q19 Quad Planar 0 0 V1.1 Micron
KEK_Q9 Quad Planar 0 0 V1.1 HPK
KEK_Q16 Quad Planar 4.3 × 1015 0 V1.1 HPK
PPPQ8 Quad Planar 2 × 1015 0 V1.1 Micron
PPPQ12 Quad Planar 2 × 1015 0 V1.1 Micron

Table 2: Summary of the planar modules studied.

The hit efficiency of a pixel module is defined as

𝜖 =
Number of Tracks Associated with a Cluster in the DUT

Number of Tracks Intersecting the DUT
, (1)

where the Device Under Test (DUT) is the module under evaluation. Another important character-
istic of a pixel detector is its intrinsic spatial resolution. Assuming a uniform hit probability across
the pixel surface, the spatial resolution can be approximated by [7]

𝜎pix =
Pixel Pitch

√
12

. (2)

Maintaining high efficiency is essential to ensure reliable track reconstruction once the ITk is
installed. Efficiency requirements depend on the irradiation dose, sensor type, and incidence angle
of the tracks:

• Before irradiation: 𝜖 > 98.5%

• After irradiation:

– 3D Sensors: 𝜖 > 96%at normal incidence, and 𝜖 > 97%at an incidence of 15◦

– Planar Sensors: 𝜖 > 97%
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2. Results

Precise alignment of the telescope and the Device Under Test (DUT) is essential for accurate
efficiency measurements. During data analysis, the Corryvreckan framework determines the relative
positions and orientations of the telescope planes and DUTs. Alignment is iteratively refined until
the residuals of the reconstructed cluster positions reach a minimum, consistent with the expected
pixel resolution given by Equation 2. Figure 4 shows an example of the residual distribution for one
of the DUTs.

Figure 4: Residual in the y direction of the QV2_HPK. The figure shows the difference between the clusters
positions and the track position in the DUT.

The residuals follow an approximately Gaussian distribution centered around zero, with a
standard deviation consistent with the intrinsic pixel pitch of the sensor. This confirms the correct
alignment of the setup and validates the reconstruction procedure.

2.1 Results for 3D sensors

Figure 5 shows the in-pixel efficiency map for one of the SINTEF 3D sensors irradiated to a
fluence of 1.7×1016 neq/cm2. The in-pixel efficiency is calculated in Corryvreckan by extrapolating
the reconstructed track positions to within a pixel cell. The patterns visible in these maps reflect the
geometry of the columnar electrodes inside the silicon bulk. As the bias voltage decreases, regions
around the collector columns become less efficient, indicating reduced charge collection.

The inefficiency regions correspond to the locations of the electrode columns, as illustrated in
Figure 6. The overall module efficiency, obtained by averaging over all pixels, is used to assess
compliance with the ITk performance requirements.

Figure 7 summarizes the efficiencies of the two SINTEF and two FBK 3D modules as a
function of bias voltage. In all cases, the efficiency exceeds 96 % once the bias voltage is above
approximately 60 V, satisfying the ITk specification for irradiated 3D sensors.

2.2 Results for planar sensors

A similar analysis was performed for the planar modules listed in Table 2. Figure 8a shows the
efficiencies of the unirradiated planar modules, which already exceed the required 97 % efficiency
even at low bias voltages. Figure 8b presents the results for irradiated planar sensors. After full
depletion, the efficiency remains above 97 %, demonstrating excellent radiation tolerance of the
HPK and Micron planar sensors tested. These results confirm that both 3D and planar technologies
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Figure 5: In-pixel efficiency for a SINTEF 3D module irradiated to 1.7× 1016 neq/cm2 at normal incidence.

Figure 6: Sensor layout for the SINTEF 3d sensors.

(a) Efficiency plots for two 3D SINTEF modules irradiated
with a dose of 1.7 × 1016 neq/cm2 at normal incidence

(b) Efficiency plots for two 3D FBK modules irradiated
with 1.0 × 1016 neq/cm2 and 0.6 × 1016 neq/cm2 both at
normal incidence and tilted to 15◦

Figure 7: Efficiency results for 3D sensors

7
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meet the ITk performance criteria under testbeam conditions, providing confidence for their use in
large scale production.

(a) Efficiency for unirradiated planar sensors. All the mod-
ules are above the required efficiency even at low bias volt-
ages.

(b) Efficiency for irradiated planar sensors. The HPK quad
module considered was irradiated with a dose of 4.31 ×
1015 neq/cm2 and the two Micron modules had a dose of
2 × 1015 neq/cm2

Figure 8: Efficiency results for planar sensors.

3. Conclusions

Testbeam studies of ITk pixel modules were conducted at the CERN SPS North Area using
a 120GeV/c pion beam and a high resolution Mimosa telescope. Twelve modules were tested,
including both planar and 3D sensor technologies, irradiated to fluences of up to 1.7×1016 neq/cm2.

These measurements demonstrate that all modules meet or exceed the ITk performance require-
ments. The 3D sensors from SINTEF and FBK achieve efficiencies above 96% after irradiation,
while the planar sensors from HPK and Micron maintain efficiencies above 97%, even at low bias
voltages. These results confirm the radiation hardness of both sensor technologies under HL-LHC
conditions.

The results of these testbeam campaigns provide essential input for the final design validation
and quality assurance program of the ATLAS ITk pixel detector. Upcoming studies will include
the characterization of triplet modules with three 3D sensors.
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