
Precision QCD at the LHeC and FCC-eh

The Large Hadron-electron Collider (LHeC) and the Future Circular Collider in electron-hadron mode (FCC-eh) will provide electron-
proton collisions with centre-of-mass energies in the range √s=1.3–3.5 TeV, and instantaneous luminosities larger than 1034 cm−2s−1.
This contribution presents new, expected results on the precise determination of proton Parton Density Functions (PDFs) at both
small and large x; the study of both NC and CC processes allows a complete flavour decomposition of parton densities in the proton,
for the first time. Results on the strong coupling constant, αs, which could be determined to per mille precision, are also discussed.
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Figure 3: Precision electroweak and strong interaction coupling determinations with the LHeC. Left: Total experimental
uncertainty of the vector and axial-vector NC down-quark couplings from the LHeC (red ellipse) compared to present determi-
nations from HERA, Tevatron and LEP; Right: Extrapolation of the coupling constants (1/�) within SUSY (CMSSM40.2.5) [4]
to the Planck scale. The width of the red line is the uncertainty of the world average of �s, which is dominated by the lattice
QCD calculation chosen for the PDG average. The black band is the LHeC projected experimental uncertainty [1].

LHeC �s measurement is not just a single experiment but represents a whole programme, which renews
the physics of DIS and revisits the scale uncertainties in pQCD at the next-to-next-to-next-to leading order
level. The LHeC itself provides the necessary basis for such a programme, mainly with a complete set of
high precision PDF measurements, including for example the prospect to measure the charm mass to 3MeV
as compared to 30MeV at HERA (from F cc

2 ), and with the identification of the limits of applicability of
DGLAP QCD by discovering or rejecting saturation of the gluon density.

3.3 Low x Physics

The parton densities extracted from HERA data exhibit a strong rise towards low x at fixed Q2. The
low x regime of proton structure is a largely unexplored territory whose dynamics are those of a densely
packed, gluon dominated, partonic system. It o�ers unique insights into the gluon field which confines quarks
within hadrons and is responsible for the generation of most of the mass of hadrons. Understanding low x
proton structure is also important for the precision study of cosmic ray air showers and ultra-high energy
neutrinos and may be related to the string theory of gravity. The most pressing issue in low x physics is
the need for a mechanism to tame the growth of the partons, which, from very general considerations, is
expected to be modified in the region of LHeC sensitivity. There is a wide, though non-universal, consensus,
that non-linear contributions to parton evolution (for example via gluon recombinations gg � g) eventually
become relevant and the parton densities ‘saturate’. The LHeC o�ers the unique possibility of observing
these non-perturbative dynamics at su⇤ciently large Q2 values for weak coupling theoretical methods to
be applied, suggesting the exciting possibility of a parton-level understanding of the collective properties of
QCD. A two-pronged approach to mapping out the newly accessed LHeC low x region is proposed in [1].
On the one hand, the density of partons can be increased by overlapping many nucleons in eA scattering
(see next section). On the other hand, the density of a single nucleon source can be increased by probing at
lower x in ep scattering. Many observables are considered in [1], from which two illustrative examples are
chosen here.
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The LHeC and FCC-eh have unique physics
programmes of Deep Inelastic Scattering (DIS),
over a hugely extended kinematic reach with
respect to HERA. Designed to run concurrently
with the HL-LHC or FCC, they have their own
unique physics capabilities while, at the same
time, transforming the energy frontier machines
into high precision facilities, via precise
measurements of proton PDFs and αs, as well
as nuclear, photon and diffractive structure.

A precise knowledge of proton structure is critical for maximising the physics potential of the
LHC and future hadron colliders, such as the HE-LHC or FCC. Of particular topical importance are
the theory uncertainties on Higgs production (currently dominated by PDFs+αs), and limitations on
searches for new particles at high mass. Two examples are shown in the Figures, indicating the
dramatic improvement expected from LHeC PDFs. The per mille αs precision expected from the
LHeC or FCC-eh (see Box 4) will also feed directly into improved cross section predictions.

LHeC PDFs

3. Impact for the LHC and FCC 4. Strong Coupling (αs)
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αs is the least well known of the coupling constants, and is
critical for precise hadronic cross section predictions, and
for constraining GUT scenarios. With the LHeC, per mille
precision on αs can be achieved, to N3LO, from QCD
analysis of NC and CC inclusive DIS data. LHeC jet data
can also provide further constraints. Such ultra-high
precision is necessary to challenge lattice QCD calculations.

1. LHeC and FCC-eh: Super-Microscopes
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The LHeC (FCC-eh) provides a single, precise and unambiguous dataset:–
strongly constraining both quark and gluon (shown) parton densities at large x
(relevant for searches), and at small x below 10–5 (10–6), compared to current
data which extends down to x�10–4. The latter will allow exploration of low x QCD
(DGLAP vs BFKL, non-linear evolution, gluon saturation; and with impact on ultra high energy CRs).

situation TODAY

gluon

THEN: with LHeC or FCC-eh
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All parton flavours can be disentangled, with precise measurements of charm
and beauty structure functions, the strange density (via charm tagging in CC),
and with direct sensitivity to the top PDF. The LHeC PDFs are shown in the
Figure above (right), compared to the situation today (left).

2. Proton PDFs from the LHeC and FCC-eh

[LHeC and FCC-eh PDFs based on new, simulated NC and CC inclusive DIS datasets for latest running scenarios; extracted using xFitter]
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