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A detector for future DIS at the energy frontier
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The proposed Large Hadron-electron Collider and the Future Circular Collider in electron-hadron
mode allow the study of DIS in the TeV regime. These facilities will provide electron-hadron
collisions, with instantaneous luminosity around 1034 cm−2 s−1 in electron-proton case, by col-
liding a 50 GeV electron beam from a highly innovative energy-recovery linac system with the
LHC/FCC hadron beams, concurrently with other experiments for hadron-hadron collisions. The
detector design was updated in the 2020 Conceptual Design Report. Ongoing developments since
then include an improved interaction region design, reflecting state-of-the-art synchrotron radi-
ation simulations, together with a more detailed study of an all-silicon central tracking detector.
Additional capabilities for particle identification, enabling improved semi-inclusive DIS and eA
studies, are also underway. In this article, we describe the current detector design and ongoing
discussion in the framework of a new ep/eA study being carried out on behalf of CERN, highlight-
ing areas of common interest with other future collider experiments and the new Detector R&D
Collaborations in Europe.
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1. Introduction

While the European Strategy for Future accelerators highlights the importance of the construc-
tion of a new circular collider (FCC) as an extension of the future high-luminosity Large Hadron
Collider (HL-LHC) at CERN, the decade centered around the 2040s still remains uncharted. This
latter is spanning between the end of the LHC physics programme and the construction of the new
infrastructure. The Large hadron-electron collider (LHeC) [1, 2] shown in Fig. 1 could bridge
this part, operating either in a joint operation with the LHC, acting as a “HL-LHC run 6” or in a
standalone mode. For the former, a potential of 1 ab−1 can be foreseen over a 10 years time span,
enabling an ultimate upgrade of the (HL-)LHC physics reach. For the latter, another ab−1 can be
collected for the remaining 6 years of the gap, providing a resourceful re-use of injectors.

Furthermore, it provides a fast track for new insights in Standard model (SM), and beyond-the
Standard model (BSM) physics in this first half of the century. And on the technological front, it
will help defining an optimal solution with a decade advance on the prototyping and training of
superconducting radio-frequency cavities.

point 2
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Figure 1: Schema of the new ERL (in red) providing the electron beamline to the LHeC, along with the
existing infrastructures at the HL-LHC (in grey). LHC point 2 is used as reference interaction point, with a
one-third LHC length scenario for the ERL length.

2. LHeC apparatus

The description of the LHeC experimental apparatus can be divided into two parts: the new
accelerator infrastructures to be foreseen and optimised, and the new detector concept to be designed
at the interaction point (IP).

The new, augmented LHeC IP2 is designed to host a three beams system in a tight environment:
two proton, and one electron beams. For the earlier, one of the proton beams is steered to circulate
in an independent plane at a large distance of the two others within a high-𝛽∗ optics, allowing
its recovery in the LHC lattice. The latter two are set to collide at a short distance. This set of
conditions, depicted in Fig. 2, is compatible with the HL-LHC 15𝜎 separation scheme.

The electron beam is provided by a three-turn energy recovery linac (ERL) delivering a 20 mA
current (0.5 nC bunches spaced by 24.95 ns), at an energy of 50 GeV, providing a

√
𝑠 = 1.2 TeV

collision energy for LHeC. These operational parameters allow to reach a design luminosity of
1034 cm−2s−1, three orders of magnitude larger than HERA, for a power consumption below
150 MW.
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Figure 2: Horizontal view of the LHeC IP design for the 𝐿∗ = 15m scenario. The average HL-LHC beam
extensions are depicted in blue and red for the colliding and non-colliding beams (resp.). The electron beam
path is shown in yellow, along with the first constitutive elements of the ERL beamline.

Steering an electron beam at the IP is inevitably introducing fluxes of synchrotron radiation
potentially damaging the beamline elements downstream (transient absorption spectrometers, proton
quadrupoles, etc.), and the detector active and passive components. An optimisation work of the
beam lattice and optical parameters is therefore performed in the interaction region to minimise
both the critical energy 𝐸𝑐, defined as the median of the synchrotron radiation energy spectrum and
proportional to 𝛾3/𝜌 (with 𝜌 the curvature radius of the storage ring), and the radiated synchrotron
power 𝑃𝛾 , proportional to 𝛾4/𝜌2. This minimisation is performed using the BDSIM beam dynamics
simulation toolbox [3] for a realistic electron beamline around the IP, and shows that critical energies
at an acceptable level of 100 keV can be reached with a very limited set of design choices.

3. Physics case

As for the deep inelastic scattering (DIS) case, the LHeC physics performances can be expressed
by the usual DIS variables: the momentum transfer 𝑄2 and Bjorken scaling variable 𝑥Bj. LHeC and
FCC-eh kinematic ranges extend by 2-3 orders of magnitude the virtuality and 𝑥Bj ranges previously
reached at HERA, as shown in Fig. 3. This allows to cover topical programmes, either as a feedback
loop to enhance HL-LHC experiments sensitivity, probing for parton distribution functions (PDFs)
at unprecedented scales and precision, while fitting in the world of TeV-scale discovery machines.

With neutral current DIS exchanges, where the asymmetry between the two incoming beams
leading to a practical overlap between the electron-parton and laboratory centre-of-mass frames,
can be exploited with the help of a fine segmentation of the electromagnetic part of the calorimeter,
especially close to the beam pipe, can be studied with high precision. Charged current DIS exchanges
can also be studied, provided a good hermeticity and spatial resolution of the hadron calorimeter.

The boosted nature of events at this ep collision point also provides an interesting Higgs labora-
tory where precision reconstruction of forward jets (in particular 𝑏-jets with precision tracking) can
tag candidates thanks to low-material budget calorimeters, complementing electroweak and Higgs
precision physics measurements at FCC-ee. The sensitivity to electroweak parameters is expected
at LHeC, such as an unprecedented 𝑊 boson mass resolution, at the order of 2 MeV, or an order
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Figure 3: Comparison of the DIS 𝑥Bj − 𝑄2 ranges for major fixed targets, HERA, and future experiments.
LHeC is pictured as the light red area, while the FCC-eh is shown in light blue for reference.

of magnitude level increase in precision on the measurement of the electroweak angle 𝜃eff
𝑊

. The
top sector will see a decrease of the uncertainty to the |𝑉𝑡𝑏 | CKM parameter from 5% with the
full LHC capabilities, to 1%, and an increased sensitivity on flavour-changing neutral currents, and
top quark couplings to electroweak bosons. In the QCD part, a reduction on the uncertainty in the
measurement of the strong coupling down to the per-mil level is foreseen, and will allow to reach the
discovery frontier for low-𝑥Bj processes. Finally, as covered elsewhere in this conference, precision
physics can also be achieved in the exclusive mode, e.g. with two-photon induced reactions.

4. LHeC detector optimisation
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Figure 4: Schematic layout of the optimised, asymmetric LHeC detector design studied in the CDR.

In the scope of the two LHeC CDRs, the Delphes detector response fast simulation tool [4] is
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used. It allows the estimation of detector performances requirements, such as the various detector
technologies to be used.

The optimised design relies on the availability of multiple detector technologies already used
in high energy physics experiments. It is therefore technically ready to be implemented with current
technologies, and can be extended upon the evolution of the field, e.g. for improved particle
identification, or new tracking capabilities. In the development of new technologies, the European
roadmap for detectors R&D [5] will play a crucial role, bridging the multiple areas of detection
principles to be covered in LHeC, and provide a fast track to the development of a new electron-
hadron collider in the FCC era, such as the FCC-eh. Both concepts, together with FCC-ee/LHC
requirements, remain rather moderate with respect to the ones set for FCC-hh.

For instance, as pictured in Fig. 4, the optimal tracking given its low material budget and good
resistance to radiations close to the beamline, is a HV-CMOS silicon tracker with 6 layers of pixel
vertex locator, and 4 layers of strip detectors in the barrel, 7 (resp. 5) layers in the forward (resp.
backward) endcaps of strips and macro-pixels with 1 degree tracking acceptance. For calorimeters,
a LAr ECAL barrel is chosen, along with a plastic scintillators HCAL. In between, a 3.5T solenoid
is combined to the dipoles (see Fig. 2) to ensure the compatibility of head-on ep collisions, while
providing a good momentum resolution on charged particle tracks. Finally, around the calorimeters,
muon chambers consist of resistive plate chambers for the triggering, and drift tubes for precision
tracking.

Extensions can be foreseen for the event category tagging through electron, or proton detection
using a limited instrumentation of the two beamlines: on the electron side, for instance, a direct
selection can be performed for photo-production processes, or more interestingly for the estimation
of the instantaneous luminosity of the machine. On the proton, or nucleon side, one may introduce
a high-segmentation zero-degree calorimeter à la ALICE FoCal [6], or CMS HGCal [7] in a
very challenging environment, and tracking and time of flight detectors within Roman pots and/or
moveable beam pipes for the detection of scattered protons within a broad range of fractional
momentum losses acceptance.

A version of the detector able to operate in both ep and pp collisions has also been considered
[8], which would allow for a better control over systematic uncertainties, and extraction of cross-
calibrations for high-precision pp measurements.

In preparation for more detailed studies on the detector design, a full simulation toolbox was
introduced. It is based on DD4hep [9] for the geometry definition and the Key4hep stack [10] for the
simulation and reconstruction modules, and gives access to a modular definition of multiple event
generator interfaces, or machine-detectors interface-specific toolboxes as BDSIM. With the help
of the GEANT4 package [11], the effect of passage of particles into the LHeC detector active and
passive material can be simulated, allowing to optimise its sub-detectors geometry and placement
to minimise synchrotron radiation effects, and maximise its experimental capabilities.

5. Conclusions

The LHeC, with its accelerator and detector concepts, presents fresh challenges for accelerator
particle physics in this century. Given its large 𝑄2/𝑥Bj coverage, it is expected to deliver much
more than an HL-LHC-level DIS experiment: electroweak, Higgs, or precision central exclusive
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physics will be accessible. Thanks also to the accelerator and detector design choices, relying on
technologies already available or approaching reality, it may be constructed and declared ready for
physics as early as the last years of HL-LHC operation, providing a natural extension before the
construction of future circular accelerators. It will also open the path to future ep facilities, such as
the FCC-eh at CERN.
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