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Dark Matter ? Baryogenesis ? Strong CP ? Fermion mass spectrum & mixing ? 
unification of forces? Cosmological Constant ? EW hierarchy ? lepton flavour violation? 

substructure of matter?

→  The goal of LHC and future experiment physics program is to find answers to 

these open questions 

Paradigma of the current time: where to look for deviation of the standard model ?


Currently there are two complementary approaches pursue: 

LHC is both: energy frontier AND high precision

With concurrent ep and pp operation in the HL phase  

we will achieve the ideal potential.

Direct search of sign of new physics 
Indirect search: In the 
absence of direct signals for 
new physics, precision 
measurements of 
fundamental EW parameter 
could be the groundbreaking 
path for the next discovery. 

 In SM, Δr reflects loop corrections and depends on mt2 and lnmH

The relation between MW, mt, and MH provides stringent test of the SM 
and is sensitive to new Physics  

In the electroweak sector of the SM, the W mass at the loop level:

4

W mass measurement 



HL-LHC plan
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Extraordinary results obtained with the LHC-Run2 physics program. 
However real sensitivity potential on several milestone analysis for 

the LHC physics program will be reach only in the HL-LHC era physic potential @HL-LHC 

Extensive upgrades to accelerator complex to maximise physics reach 


3000 fb-1 at 14 TeV (ultimately 4000 fb-1) 


Instantaneous luminosity: 5 × 1034 cm−2 s−1 (ultimately 7.5 × 1034 cm−2 )


Proton interactions per bunch crossing: < μ > ∼ 140  (ultimately < μ > ∼ 200 )

https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/report.pdf


LHeC basic concept
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With √s=1.3TeV the LHeC would provide a 
major extension of the DIS kinematic 

range [down to x= 10-6 and covering high 
Q2] as is required for the physics 

programme at the energy frontier. 

LHeC a next generation TeV energy electorn-
proton collider.


NEW: Electron-Ion collision extend the kinematic 
range by 3-4 orders 

see as well: 

The Large Hadron-electron Collider at CERN: Status and Plans, Christian Schwanenberger


The ERL Facility PERLE at Orsay, Alex Bogacz

Electrons Ee=10-50GeV [Pe = ±0.8]              
Protons Ep = 1-7TeV 
Heavy-Ions EPb = 2.75TeV 
√s=√(4EeEp) = 0.2-1.3TeV

Accelerator complex based on multi-turn energy-
recovery linac (ERL) machines


The electron-proton interaction does not disturb the 
protons beams —> LHeC may operate synchronously 

with HL-LHC

∫𝑑𝒕ℒ = 1-2 ab-1
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DIS: the cleanest high resolution 
microscope and a laboratory for new 

particles and new dynamics.

Precisio
n QCD, 
𝛼S, PDF

Non-linear QCD

Higgs

Top

BSM

Influence of the LHeC on Physics at the HL-LHC :

With concurrent ep and pp operation, the LHeC 

would transform the LHC into a 3-beam, twin 
collider of greatly improved potential.


Through ultra-precise strong and electroweak 
measurements, the ep experiment can make the 
HL-LHC complex a much more powerful search 

and measurement laboratory than current 
expectations, based on pp only, do entail. 

LHeC white paper [ aka CDR update ] 

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLUTION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC
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Energy frontier ep colliders unique 
resolution of partonic contents and 

dynamics inside the proton.

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLITION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

For details: 

Determination of the Parton Densities in the Proton at the LHeC, Claire Gwenlan
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LHeC: Parton Distribution function

sensitivity to low-x dynamics
large x crucial for 
HL/HE–LHC and 
FCC searches; also 
relevant for DY, mW

LHeC provides a single, coherent base for PDF determination to N3LO

Essential input for full exploitation of current and future hadron colliders measurement (Higgs, BSM, EW, …) 

limited by PDF knowledge 



HL-LHC and LHeC are complementary in their PDF 
constraining abilities 
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1906.10127 

HL-LHC and LHeC complementarity reducing PDF errors in different x regions

eg. HL-LHC reduced high-x gluons while LHeC reduces low-x gluon 


Combination of both HL-LHC and LHeC pseudodata nicely illustrate a clear and 
significant reduction in PDF uncertainties over a very wide range of x

LHeC is the correct and necessary complement to the pp collider.

Impact of HL-LHC/LHeC data on the 1-σ relative PDF uncertainties of g and down quark. 

https://arxiv.org/pdf/1906.10127.pdf
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αs to permille exp. precision achievable with NC 
DIS jets 


Unprecedented access to novel kinematic regime 
of DIS characterised by very small values of x 

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLITION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

the projected error bar on the reduced cross section or structure function F2 which could be
measured at LHeC. For comparison, the simulated pseudodata for F2 are shown together with
the expected experimental uncertainties. The total uncertainties of the simulated pseudodata
are at the few percent level at most, and are therefore much smaller than the uncertainties
coming from the PDFs in most of the kinematic range.

It is evident that fits to the LHeC data will have power to discriminate between the di↵erent
frameworks. In the right plot in Fig. 4.7, the predictions for the longitudinal structure function
are shown. We see that in the case of the FL structure function, the di↵erences between the
fixed order and resummed predictions are even larger, consistently over the entire range of x.
This indicates the importance of the measurement of the longitudinal structure function FL

which can provide further vital constraints on the QCD dynamics in the low x region due to its
sensitivity to the gluon density in the proton.

To further illustrate the power of a high energy DIS collider like the LHeC in exploring the
dynamics at low x, fits which include the simulated data were performed. The NNLO+NLLx
resummed calculation was used to obtain the simulated pseudodata, both for the LHeC, in a
scenario of a 60 GeV electron beam on a 7 TeV proton beam as well as in the case of the FCC-eh
scenario with a 50 TeV proton beam. All the experimental uncertainties for the pseudodata have
been added in quadrature. Next, fits were performed to the DIS HERA as well as LHeC and
FCC-eh pseudodata using the theory with and without the resummation at low x. Hadronic
data like jet, Drell-Yan or top, were not included for this analysis but, as demonstrated in [246],
these data do not have much of the constraining power at low x, and therefore the results of
the analysis at low x are independent of the additional non-DIS data sets. The quality of the
fits characterised by the �

2 was markedly worse when the NNLO DGLAP framework was used
to fit the HERA data and the pseudodata from LHeC and/or FCC-eh than was the case with
resummation. To be precise, the �

2 per degree of freedom for the HERA data set was equal to
1.22 for the NNLO fit, and 1.07 for the resummed fit. For the case of the LHeC/FCC-eh the �

2

per degree of freedom was equal to 1.71/2.72 and 1.22/1.34 for NNLO and NNLO+resummation
fits, respectively. These results demonstrate the huge discriminatory power of the new DIS
machines between the DGLAP and resummed frameworks, and the large sensitivity to the low
x region while simultaneously probing low to moderate Q

2 values.
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Figure 4.8: Comparison between the gluon (left plot) and the quark singlet (right plot) PDFs in the
NNPDF3.1sx NNLO+NNLx fits without (blue hatched band) and with the LHeC+FCC-eh pseudodata
(orange band) on inclusive structure functions. For completeness, we also show the results of the corre-
sponding NNPDF3.1sx NNLO fit with LHeC+FCC-eh pseudodata (green hatched band). Figure taken
from Ref. [246].

In Fig. 4.8 the comparison of the gluon and quark distributions from the NNLO + NLLx fits is

83

Ball,Bertone,Bonvini, Marzani,Rojo,Rottoli

At low-x new phenomena my occur which go beyond the 
standard collinear perturbative description based on 

DGLAP evolution. 

 LHeC has large sensitivity and discriminatory power to pin 

down details of small x QCD dynamics

LHeC can measure αs to per mille accuracy  
All αs determinations from global fits based on NC/CC 

With the expected precision from LHeC the discrepancy 
between DIS data and lattice QCD framework/global 

electroweak fit will be resolved.
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LHeC: QCD insight

https://link.springer.com/article/10.1140/epjc/s10052-016-4445-6


Impact of New Small-x Dynamics on Hadron Collider 
Physics

L. Aperio Bella	 	 	 10

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

���e

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G

effect of small x resummation on N3LO Higgs cross section for 
HL-LHC and future collider Higgs Xsection 

For details: 

Small-x Physics at the LHeC and FCC-eh, Anna Stasto
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Figure 9.13: Ratio of the N3LO Higgs cross section with and without resummation to the N3LO fixed-
order cross section, as a function of the collider centre-of-mass energy. “f.o.” denotes fixed order, “res”
denotes resummed and “LL0” a di↵erent anomalous dimension matching at leading logarithmic accuracy,
see the legend on the plot and Ref. [758] for details. The PDFs used are from the global dataset of
Ref. [250]. Figure taken from Ref. [758].
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Figure 9.14: Perturbative progression of the Higgs cross section for two collider energies
p

s =
{14, 100} TeV. In each plot the NLO, NLO+LL, NNLO, NNLO+LL, N3LO and N3LO+LL results are
shown. The results are supplemented by uncertainty bands from PDF, subleading logarithms and scale
uncertainties. Figure taken from Ref. [758].

colliders. The extension of the TMD evolution equations towards small x [765] and the relation of
such factorisation with new dynamics at small x, either through high-energy factorisation [766–

230

impact for LHC and even more for very low x values 
probed at FCC

LHeC and FCC-eh have unprecedented kinematic reach to explore small x phenomena

arXiv:1812.07831
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Figure 5.2: Left: Measurements of the W -boson mass assuming fixed values for the top-quark and
Z-boson masses at the LHeC for di↵erent scenarios in comparison with today’s measurements [429–431]
and the world average value (PDG19) [181]. For LHeC, prospects for Ee = 60 GeV and 50 GeV are
displayed, as well as results for the two scenarios with 0.5 % or 0.25 % uncorrelated uncertainty (see text).
Right: Comparison of the precision for MW for di↵erent assumptions of the uncorrelated uncertainty of
the pseudodata. The uncertainty of the world average value is displayed as horizontal line. The nominal
(and alternative) size of the uncorrelated uncertainty of the inclusive NC/CC DIS pseudodata is indicated
by the vertical line (see text).

uncertainties can be reduced from the prospected 0.5 % to 0.25 % 1, a precision for MW of up to

�MW(LHeC-60) = ±5(exp) ± 3(PDF) MeV = 6(tot) MeV and (5.9)

�MW(LHeC-50) = ±6(exp) ± 6(PDF) MeV = 8(tot) MeV

for LHeC-60 and LHeC-50 may be achieved, respectively. A complete dependence of the expected
total experimental uncertainty �MW on the size of the uncorrelated uncertainty component is
displayed in Fig. 5.2, and with a more optimistic scenario an uncertainty of up to �MW ⇡ 5 MeV
can be achieved. In view of such a high accuracy, it will be important to study carefully
theoretical uncertainties. For instance the parameteric uncertainty due to the dependence on
the top-quark mass of 0.5 GeV will yield an additional error of �MW = 2.5 MeV. Also higher-
order corrections, at least the dominating 2-loop corrections in DIS will have to be studied and
kept under control. Then, the prospected determination of the W -boson mass from LHeC data
will be among the most precise determinations and significantly improve the world average value
of MW. It will also become competitive with its prediction from global EW fits with present
uncertainties of about �MW = 7MeV [181,432,433].

While the determination of MW from LHeC data is competitive with other measurements, the
experimental uncertainties of a determination of MZ are estimated to be about 11 MeV and
13 MeV for LHeC-60 and LHeC-50, respectively. Therefore, the precision of the determination
of MZ at LHeC cannot compete with the precise measurements at the Z-pole by LEP+SLD and
future e

+
e
� colliders may even improve on that.

A simultaneous determination of MW and MZ is displayed in Fig. 5.3 (left). Although the
precision of these two mass parameters is only moderate, a meaningful test of the high-energy

1Due to performance reasons, the pseudodata are generated for a rather coarse grid. With a binning which is
closely related to the resolution of the LHeC detector, much finer grids in x and Q

2 are feasible. Already such a
change would alter the uncertainties of the fit parameters. However, such an e↵ect can be reflected by a changed
uncorrelated uncertainty, and a value of 0.25% appears like an optimistic, but achievable, alternative scenario.

118

DIS data competitive/complementary in performing high 
precision measurements of top properties

Very wild and powerful EW precision physics program: 

• Precise measurement of mW in the t-channel

• Precision measurements of the running of sin2qW

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLITION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

For details: 

Top physics at the LHeC and the FCC-eh, Mukesh Kumar


Precision electroweak measurements at the LHeC and the FCC-eh, Daniel Britzger 

Anomalous Wtb couplings
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LHeC: EW and top physics
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Figure 5.3: Simultaneous determination of the top-quark mass Mt and W -boson mass MW from LHeC-
60 or LHeC-50 data (left). Simultaneous determination of the W -boson and Z-boson masses from LHeC-
60 or LHeC-50 data (right).

behaviour of electroweak theory is obtained by using GF as additional input: The high precision
of the GF measurement [434] yields a very shallow error ellipse and a precise test of the SM
can be performed with only NC and CC DIS cross sections alone. Such a fit determines and
simultaneously tests the high-energy behaviour of electroweak theory, while using only low-
energy parameters ↵ and GF as input (plus values for masses like Mt and MH needed for loop
corrections).

5.1.4 Further mass determinations

Inclusive DIS data are sensitive to the top-quark mass Mt indirectly through radiative correc-
tions. Mt-dependent terms are dominantly due to corrections from the gauge boson self-energy
corrections. They are contained in the ⇢ and  parameters and in the correction factor �r.
The leading contributions are proportional to M

2
t . This allows for an indirect determination

of the top-quark mass using LHeC inclusive DIS data, and a determination of Mt will yield an
uncertainty of �Mt = 1.8 GeV to 2.2 GeV. Assuming an uncorrelated uncertainty of the DIS
data of 0.25 % the uncertainty of Mt becomes as small as

�Mt = 1.1 to 1.4 GeV (5.10)

for 60 and 50GeV electron beams, respectively. This would represent a very precise indirect
determination of the top-quark mass from purely electroweak corrections and thus being fully
complementary to measurements based on real t-quark production, which often su↵er from
sizeable QCD corrections. The precision achievable in this way will be competitive with indirect
determinations from global EW fits after the HL-LHC [435].

More generally, and to some extent depending on the choice of the renormalisation scheme, the

leading self-energy corrections are proportional to M
2
t

M
2
W

and thus a simultaneous determination

of Mt and MW is desirable. The prospects for a simultaneous determination of Mt and MW is
displayed in Fig. 5.3 (right). It is remarkable that the precision of the LHeC is superior to that of
the LEP+SLD combination [436]. In an optimistic scenario an uncertainty similar to the global
electroweak fit [433] can be achieved. In a fit without PDF parameters similar uncertainties
are found (not shown), which illustrates that the determination of EW parameters is to a large
extent independent of the QCD phenomenology and the PDFs.

119

In contrast to 𝛼QED, the evolution of sin2θW with Q2 carries ~no uncertainty in the 
SM, so constitutes a powerful test of BSM, specific to ep.
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5.1.9 Conclusion

With LHeC inclusive NC and CC DIS data, unique measurements of electroweak parameters can
be performed with highest precision. Since inclusive DIS is mediated through space-like momen-
tum transfer (t-channel exchange) the results are often complementary to other experiments,
such as pp or e

+
e
� collider experiments, where measurements are performed in the time-like

regime and most often at the Z peak. Among many other quantities, measurements of the weak
couplings of the light quarks, u and d, or their anomalous form factors ⇢

0
NC,u/d

and 
0
NC,u/d

,

125



Extraction of the key parameter of SM in pp collision
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Indirect determination of both mW and sin2θeff  more 
precise then the experimental measurement:


• This call for a precise direct Measurement 


✓ Stringent test of the self consistency of the SM


✓ might reveal sign of new physics 

INDIRECT 
DETERMINATION

MEASUREMENT REQUIRED PRECISION LHC MEASUREMENT 

𝛿mW  
±8 MeV

Call for δmW
exp 

< 10 MeV 
𝛿mW  

±19 MeV

𝛿sin2θeff ± 6x10-5
𝛿sin2θeff ± 20x10-5 corresponds to ±10MeV error in 

mw  
𝛿sin2θeff  ± 36x10-5

The EW precision measurements program at HL-LHC will highly benefit from more precise knowledge of PDF.

measurement 
uncertainty 
dominated by 
PDF 
knowledge }

One of the goal of HL-LHC physics program: tests of the consistency of the EW sector in the SM 

through high precision measurements of its fundamental parameters (sin2θW and mW) 

12

12



Weak mixing angle @HL-LHC
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CMS-PAS-FTR-17-001

LHC experiments entered the precision electroweak race: New analysis techniques, 
including in-situ PDF profiling and event categorisation substantially reduced statistical and 

systematic uncertainties wrt previous LHC measurements. 

LHCb-PUB-2018-013

Current and future measurement at pp collider limited by PDF uncertainty 

https://cds.cern.ch/record/2294888?ln=fr
https://cds.cern.ch/record/2647836/files/LHCb-PUB-2018-013.pdf


sin2θW extraction with LHeC data
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The expected sensitivity of the sin2θeff measurements is improved by 

~20% using HL-LHC data/PDF sets.

ATL-PHYS-PUB-2018-037

→ new DIS ep data (LHeC) would provide needed factor of 5 − 10 

in PDF improvement to exceed LEP precision

https://cds.cern.ch/record/2649330/files/ATL-PHYS-PUB-2018-037.pdf


𝛿mW with LHeC input 
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ATL-PHYS-PUB-2018-026

mW milestone measurement for consistency of SM and BSM teaches


Study of potential of mW measurement with low pile-up runs, < μ >∼ 2, at HL-LHC@14TeV 

Total uncertainty of δmW ∼ 11(7) MeV with 200(1000) pb−1 of data @HL-LHC. Future HL-LHC PDF set would 
reduce PDF uncertainty by factor of 2.


Future LHeC PDF set would reduce PDF uncertainty by factor of 5-6 reaching: δmW < 8(5) MeV

δmW
PDF~2MeV

is the most conservative and shown here. Compared to CT10 and CT14, a reduction in PDF
uncertainty of about a factor of two is obtained in this case.

The LHeC sample can be collected in about three years, synchronously with the HL-LHC op-
eration. In this configuration, the neutral- and charged-current DIS samples are su�cient to
disentangle the first (d, u) and second (s, c) generation parton densities without ambiguity, and
reduce the PDF uncertainty below 2 MeV, a factor 5–6 compared to present knowledge. Also
in this case the mW measurement will benefit from the large W boson samples collected at the
LHC, and from the combination of the central and forward categories. In this context, PDF
uncertainties would be sub-leading even with 1 fb�1 of low pile-up LHC data.

Parameter Unit ATLAS (Ref. [431]) HL-LHC projection

CT10 CT14 HL-LHC LHeC LHeC

Centre-of-mass energy,
p

s TeV 7 14 14 14 14
Int. luminosity, L fb�1 5 1 1 1 1
Acceptance |⌘| < 2.4 |⌘| < 2.4 |⌘| < 2.4 |⌘| < 2.4 |⌘| < 4

Statistical uncert. MeV ± 7 ± 5 ± 4.5 ± 4.5 ± 3.7
PDF uncert. MeV ± 9 ± 12 ± 5.8 ± 2.2 ± 1.6
Other syst. uncert. MeV ± 13 - - -

Total uncert. �mW MeV ± 19 13 7.3 5.0 4.1

Table 9.2: Measurement uncertainty of the W -boson mass at the HL-LHC for di↵erent PDF sets (CT14,
HL-LHC PDF and LHeC PDF) and lepton acceptance regions in comparison with a measurement by
ATLAS [431]. The HL-LHC projections are obtained from a combined fit to the simulated p

`

T and mT

distributions.

CT10 CT14 MMHT2014 HL-LHC LHeC
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-1 PDF 1 fb⊕Stat. 
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η, |l

T
 & pT from mWm

Figure 9.2: Measurement uncertainty of mW at the HL-LHC with 200 pb�1 (dark blue) and 1 fb�1

(pink) of collected low pile-up data for di↵erent present and future PDF sets. The green area indicates
the PDF uncertainty from those sets alone. The projections are obtained from a combined fit to the
simulated p

`

T and mT distributions in the acceptance |⌘| < 4.

.
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PDF uncertainty dominated by knowledge of 
valence quark PDFs (in particular dv) 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
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DIS data as new Higgs factory ?

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLITION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

For details: 

Higgs physics at the LHeC and the FCC-eh, Uta Klein

prospect for high precision measurement of Higgs couplings at future ep collider:

• Very high precision due to CC+NC DIS in clean environment in ep scattering

• Mainly WWH  production + charm-direct coupling 

Fully complementarity with pp.

• Small theoretical uncertainties 

• Topological requirements effective in background suppression 

• Large S/B w.r.t. pp, e.g. in h→bb expect S/B=3
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LHeC: Higgs factory



SM Higgs couplings: Combine the complementary 
measurements for best physics outcome
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Figure 9.7: Uncertainty of the determination of the scale factor  in the determination of the Higgs
couplings, in per cent. Zoom of Fig. 9.6 into the six most frequent H decay channels. Results are given of
the combined HL-LHC + LHeC  fit (dark blue) and of the HL-LHC (blue) and LHeC (gold) stand-alone
fits. There is no accurate measurement expected of c at the LHC.

explained at the beginning of this section, the LHeC measurements also bring the possibility
of setting sensible constraints on the Higgs interactions with charm quarks, with a precision of
roughly 4%. The HL-LHC measurements, in turn, fill some of the gaps in the fit at the LHeC,
where there is little sensitivity to the couplings involved in rare Higgs decays, e.g. H ! µµ and
H ! Z�. This makes apparent the complementarity between the measurements at ep and pp

machines, with the former leading in terms of precision in the largest Higgs couplings, while the
high-luminosity of the latter brings sensitivity to the smaller interactions.

Finally, as mentioned at the beginning, we did not include in this combined ep+pp fit the
projections for top Yukawa interactions at the LHeC from Section 7.5, as these were not derived
in a global setup, but rather setting all other interactions involved in t̄H⌫e product to their SM
values. However, the main uncertainty from the other  parameters is expected to come from
the W and b couplings, W and b, which are determined with an overall precision of ⇠ 0.8%
and 2%. Therefore one expects the LHeC result, �t ⇠ 17% for L = 1 ab�1, to be minimally
a↵ected. This number is to be compared with the HL-LHC projection of ⇠ 4%, which is expected
to dominate in a combined result.

9.3 Further precision SM measurements at the HL-LHC

The LHeC measurements and the results from their phenomenological interpretations will have
an important impact on many areas of the HL-LHC physics programme. This goes far beyond
the precision electroweak and the Higgs physics, as discussed at hand of dedicated analyses in
the previous sections, and BSM or eA physics as discussed in the subsequent sections. In this
section a few further selected topics of the Standard Model (SM) physics programme at the LHC
and HL-LHC are discussed, where substantial improvements due to the LHeC can be expected.

In general, two distinct aspects can be considered for any SM measurement in that respect 3:

3In some cases, a model- or physics parameter is directly extracted from the experiment data and the two
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Process �H [pb] ��scales ��PDF+↵s

HL-LHC PDF LHeC PDF

Gluon-fusion 54.7 5.4% 3.1 % 0.4 %
Vector-boson-fusion 4.3 2.1 % 0.4 % 0.3 %
pp ! WH 1.5 0.5 % 1.4 % 0.2%
pp ! ZH 1.0 3.5 % 1.9 % 0.3%
pp ! tt̄H 0.6 7.5 % 3.5 % 0.4%

Table 9.4: Predictions for Higgs boson production cross sections at the HL-LHC at
p

s = 14 TeV and
its associated relative uncertainties from scale variations and two PDF projections, HL-LHC and LHeC
PDFs, ��. The PDF uncertainties include uncertainties of ↵s.

 NNNLO pp-Higgs Cross Sections at 14 TeV
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Figure 9.5: Cross sections of Higgs production calculated to N3LO using the iHix program [723] for existing
PDF parameterisation sets (left side) and for the LHeC PDFs (right side). The widths of the areas correspond
to the uncertainties as quoted by the various sets, having rescaled the CT14 uncertainties from 90 to 68% C.L.
Results (left) are included also for di↵erent values of the strong coupling constant ↵s(M

2
Z), from 0.114 to 0.120.

The inner LHeC uncertainty band (red) includes the expected systematic uncertainty due to the PDFs while the
outer box illustrates the expected uncertainty resulting from the determination of ↵s with the LHeC.

9.2.2 Higgs Couplings from a simultaneous analysis of pp and ep collision
data

The LHC data collected during the Runs I and II have provided a first exploration of the
properties of the Higgs boson. The so-called  framework [724] – which allows modifications
of the SM-like couplings of the Higgs boson to each SM particle i, parameterised by coupling
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What are the true PDF 
errors in 𝜎Higgs (pp) ?

with LHeC input:

Can achieve <0.5% 
precision in pdf 
uncertainty 𝛿𝜎=[0.3(pdf) + 
0.2 (𝛼s)] 

𝜎Higgs (pp)

• Combining pp with ep coupling results turns the LHC into a precision 
machine:


• Reach <1%-<2% precision depending on coupling for pp+ep

• ep adds charm direct coupling.  


• Analysis in EFT framework work in progress (aTGCs in ep..)

• Competitive and complementary to e+e- as well!
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The LHeC can probe sensitive regions of phase 
space difficult of access at LHC and 
complement results ( FCC-eh opens higher 
energy regime )

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLITION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

For details: 

BSM Physics at the LHeC and the FCC-eh, Oliver Fischer

@LHeC Large luminosity and low number of 
backgrounds.


Compared to LHC: 

no QCD interactions between initial states

  Excellent for: BSM with mass scale ∼ vEW. 

eg. heavy scalar boson (Higgsinos), sterile 

neutrinos.

The LHeC can probe sensitive regions of 

phase space difficult of access at LHC and 
complement results ( FCC-eh opens higher 

energy regime )

Heavy Neutrinos
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LHeC: BSM physics program



Future collider BSM program
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BSM searches and other processes at high scales limited by 
(lack of) knowledge of large x gluon and quark pdfs (eg. 

top, SUSY, LQs, extra heavy bosons, …)

PDF  Data from the LHeC  would make this 
contribution negligible compared to other sources of 
uncertainty. The increase in sensitivity would 
correspond to an increase in centre-of-mass energy 
by approximately 5 to 10%. 

1802.04317 

https://arxiv.org/pdf/1802.04317.pdf


L. Aperio Bella	 	 	 20

Physics program of LHeC:

• Parton Distributions - Resolving the Substructure of the Proton 

• Exploration of Quantum Chromodynamics 

• Extensive Electroweak and Top Quark Physics 

• A novel Higgs Physics facility 

• Potential for Discovery of new physics Beyond the Standard 

Model 

• REVOLUTION in Nuclear Particle Physics with Electron-Ion 

Scattering at the LHeC

For details: 

Electron-Ion Collisions at the LHeC and FCC-eh, Heikki Mäntysaari

Joint eA/ep and pp/pA/AA physics in a 
common apparatus is probably an ideal for 

new heavy ion physics to very high 
precision.


A common/dual/joint experiment would 
have unprecedented reach into physics
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LHeC: e-A scattering
Unique nuclear/HI physics programme


Extension of fixed target range by 10 3-4


nPDFs independent of pPDFs



Direct determination of Rg with proton and lead data allows to DISENTANGLE small- x 
dynamics from nuclear effects.


Huge improvement over the EPPS16 global fit → Precision test for QCD of QGP, 
shadowing, antishadowing, de-confinement, saturation..

Partons in Nuclei 
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present 


status !


on xg


Pb/p

Direct measurements of R:

← current EPPS DIS data limit

LHeC data allows for a direct determination of Pb PDF


Estimates ultimately achievable experimental precision: uncertainty < 10% down to x ∼ few × 10−5 

1802.05927 

https://arxiv.org/pdf/1802.05927.pdf


conclusion
“The LHeC group believes that diversity 
(at the energy frontier too) is key to help 
particle physics theory to restore its 
predictive power.”  (cit. Max Klein)


LHeC Physics Program: Unique 
microscope of substructure (not 
resolved!), empowers LHC searches and 
Higgs measurements challenging e+e- , 
Discovery in electroweak and strong i.a. 
sector, Revolution of HI physics


It is crucial to maintain the culture of 
energy frontier DIS, develop its novel 
technology and prepare exploiting its 
potential for the future of high energy 
physics.
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LHeC white paper [ aka CDR update ] 

https://arxiv.org/abs/2007.14491


bonus slides
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Future Colliders: √s and tentative timescales
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LHeC basic concept:

L. Aperio Bella	 	 	 25

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

���e

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G



Why we need more insight in QCD?
• Though QCD is not per se the main driving force 

behind pp collider, QCD is crucial for many LHC/
future collider measurements (signals & 
backgrounds): 


• High-precision αs : Affects SM fits/tests, all 
hadronic cross sections & decays 


• NnLO+NnLL corrections: Needed for all x-
sections with initial/final hadrons 


• High-precision (n)PDFs: In h-h collisions, affects 
all precision W,Z,H (mid-x) measurements, all 
BSM searches (high-x), & beyond-DGLAP (low-
x) studies. 


• sMany-body QCD: Partonic collective 
behaviour in high particle-density systems, 
Colour reconnection in “central” h+h 
collisions; impact on fundamental quantities in 
jetty final-states (mW , mtop extractions,…),


•  Non-pQCD: Control of 
hadronization+diffraction+... is basic at FCC-
pp with O(1.000) pileup, backgds,...
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48

QCD theory for particle physics, i.e. for all other physics themes this week 

typical for most 
LHC experiments acceptance of the signal (SM and BSM)

o need N3LO precision for many 2à1 and 2à2 
processes (including top quark processes)

o coherent approach for higher-order calculations and 
parton shower

o interpretations like the top quark mass

the QCD impact is typically the limiting factor for many LHC analysis

modelling of the backgroundX

Substantial further theory progress is needed to allow a precise interpretation for a wide range of HL-LHC data

o sustain the strong and concerted support for QCD theory work (e.g. MCnet Horizon 2020 network)
o foster a community-wide and long-term close collaboration between the experimental and theoretical 

communities (e.g. inter-experiment workshops with theoreticians)

European institutions observe a leading and successful role to face these challenges, 
and hence have a leading responsibility

ex
am

pl
es

signal

bkg

reference 

https://indico.cern.ch/event/789349/contributions/3298830/attachments/1806277/2951437/qcdatfcc.pdf


HL-LHC Higgs program
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1902.00134 

• HL-LHC program will expand the Higgs physics reach:

• Exploration of Higgs potential (hh production) 

• Sensitivity to rare decays involving new physics 

• Extend BSM Higgs searches (extra scalars, BSM Higgs 

resonances, exotic decays…)

• 2-4% precision for many of the Higgs couplings.


• However theoretical uncertainty remains the largest 
component for most measurement.
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https://arxiv.org/pdf/1902.00134.pdf


SM Higgs couplings: Combine the complementary 
measurements for best physics outcome
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Figure 9.7: Uncertainty of the determination of the scale factor  in the determination of the Higgs
couplings, in per cent. Zoom of Fig. 9.6 into the six most frequent H decay channels. Results are given of
the combined HL-LHC + LHeC  fit (dark blue) and of the HL-LHC (blue) and LHeC (gold) stand-alone
fits. There is no accurate measurement expected of c at the LHC.

explained at the beginning of this section, the LHeC measurements also bring the possibility
of setting sensible constraints on the Higgs interactions with charm quarks, with a precision of
roughly 4%. The HL-LHC measurements, in turn, fill some of the gaps in the fit at the LHeC,
where there is little sensitivity to the couplings involved in rare Higgs decays, e.g. H ! µµ and
H ! Z�. This makes apparent the complementarity between the measurements at ep and pp

machines, with the former leading in terms of precision in the largest Higgs couplings, while the
high-luminosity of the latter brings sensitivity to the smaller interactions.

Finally, as mentioned at the beginning, we did not include in this combined ep+pp fit the
projections for top Yukawa interactions at the LHeC from Section 7.5, as these were not derived
in a global setup, but rather setting all other interactions involved in t̄H⌫e product to their SM
values. However, the main uncertainty from the other  parameters is expected to come from
the W and b couplings, W and b, which are determined with an overall precision of ⇠ 0.8%
and 2%. Therefore one expects the LHeC result, �t ⇠ 17% for L = 1 ab�1, to be minimally
a↵ected. This number is to be compared with the HL-LHC projection of ⇠ 4%, which is expected
to dominate in a combined result.

9.3 Further precision SM measurements at the HL-LHC

The LHeC measurements and the results from their phenomenological interpretations will have
an important impact on many areas of the HL-LHC physics programme. This goes far beyond
the precision electroweak and the Higgs physics, as discussed at hand of dedicated analyses in
the previous sections, and BSM or eA physics as discussed in the subsequent sections. In this
section a few further selected topics of the Standard Model (SM) physics programme at the LHC
and HL-LHC are discussed, where substantial improvements due to the LHeC can be expected.

In general, two distinct aspects can be considered for any SM measurement in that respect 3:

3In some cases, a model- or physics parameter is directly extracted from the experiment data and the two
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pp: Higgs production in pp comes predominantly (~80%) from ggà H : high rates crucial for rare decays However, only small VBF fraction 

Pile-up in pp at 5 1034 cm-2 s-1 is 150@25ns 

FCC-hh: pile-up 500-1000 (!) 

S/B very small for bb Final precision in pp needs accurate N3LO PDFs & αS

ep: Higgs production comes uniquely from either CC or NC DIS via VBF → Clean bb final state, S/B >1 

Clean, precise reconstruction and easy distinction of ZZH and WWH without pile-up: <0.1@LHeC up to 1@FCCeh 

events VBF: Small theoretical uncertainties!

• the higher-order corrections are small. For the total CC process they were estimated to be of the order of only 1% for the QCD part, 

subject to cut dependencies yielding shape changes up to 20%, and −5% for the QED part (with a weak dependence on the PDF 
choice). The smallness of the QCD corrections was attributed mainly to the absorption of gluon and quark radiation effects in the 
evolution of the parton distributions (PDFs). The PDFs will be measured with very high precision at any of the ep colliders here 
considered, thus allowing a unique self-consistency of Higgs cross section measurements.  

Combining pp with ep results turns 
the LHC into a precision machine:


Reach <1%-<2% precision depending 
on coupling for pp+ep

ep adds charm.  

Analysis in EFT framework work in progress 
(aTGCs in ep..)


Competitive and complementary to 
e+e-



small-x resummation
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more info 

https://indico.cern.ch/event/868940/contributions/3814555/attachments/2081013/3495434/ICHEP20-LHeC-QCD-Gwenlan-RED.pdf


strong coupling
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For details: 

Determination of the Parton Densities in the Proton at the LHeC, Claire Gwenlan



Prospect PDF for HL-LHC
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• Exercise trying to quantify the precision of the PDF at the end of the HL-LHC running and use 
them in the systematic estimate of the experimental extrapolations 


• pseudo-data generated for various inputs: top Drell-Yan, iso photons, W+charm, W and Z in the 
forward region, inclusive jets… 


• Scenario A(C) corresponds to factor 2(5) reduction of uncertainties on exp. inputs. 

• LHeC could provide improvement of a factor 5 on PDF uncertainties 

more info 

https://indico.cern.ch/event/835947/contributions/3553689/attachments/1932209/3200674/lhl_lhec.pdf


PDF reduction
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reference 

https://indico.cern.ch/event/868940/contributions/3814555/attachments/2081013/3495434/ICHEP20-LHeC-QCD-Gwenlan-RED.pdf


How to test SM?

• In the recent past, the global electroweak fit was able 
to predict the masses of the top quark and Higgs 
boson before their discovery 


• Relations between electroweak observables can be 
predicted now at 2-loop level 


• Precise measurements of the electroweak parameters 
allow stringent test of the self consistency of the SM 
⟹ Looking for hints of physics beyond the SM. 
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Indirect searches: look for deviations from SM 
predictions due to quantum loop effects of new virtual 

particles 



The EW sector
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Stefano Camarda 9

Electroweak sector

The electroweak gauge sector of the 
Standard Model is constrained by three 
precisely measured parameters

At tree level, other EW 
parameters can be 

expressed as

Higher order corrections modify these 
relations, and determine sensitivity to 
other particle masses and couplings

 In SM, Δr reflects loop corrections and depends on mt2 and lnmH

The relation between MW, mt, and MH provides stringent test of the SM 
and is sensitive to new Physics  

In the electroweak sector of the SM, the W mass at the loop level:

4

W mass measurement 

In SM, Δr reflects 
loop corrections 
and depends on 

mt2 and ln(mH) 

k are EW loop 
corrections



Weak Mixing Angle
• Discrepancy of LEP and 

SLD measurement on 
sin2θW triggered quite 
some interest in recent 
years


• Problem at Hadron 
colliders: Do not know 
incoming fermion direction 
on an event-by-event basis


• to extract sin2θeff  exploit 

forward-backward 
asymmetry (AFB) of DY 
process
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Indirect Determination: sin2θeff = 0.23151±0.00006

World average: sin2θeff = 0.23151±0.00014 

Combination at hadron 
colliders: 

sin2θeff = 0.23140 ± 0.00023



Z forward-backward asymmetry @LHC 
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Asymmetry as a function of boson y

CMS

ATLAS CC

ATLAS 
CC+CF

LHCb

• The orientation of the incoming quark is 
unknown

• Use θ* scattering angle defined in the 

Collins-Soper frame, with z-axis orientation 
defined by the Z rapidity


• In pp collisions, it is more likely to be in the 
same orientation as the Z boson, due to the      
u/ubar  and d/dbar valence asymmetry

Part I: Weak mixing angle

Drell-Yan cross-section factorisation in full lepton phase space:  

A4 sensitive to sin2θW via coupling structure

ATL-CONF-2018-037 Data: 20.2 fb−1 of 8TeV 

Neutral current: 

Z couples differently with left and right handed fermions ➞ Forward-backward asymmetry  

Fold angular polynomials and fit to reco 
angular distributions binned in mZ and |yZ|  

3 decay channels: 

μμCC, eeCC , eeCF


5

cosθ > 0: forward 

cosθ < 0: backward 




weak mixing angle @LHC/HL-LHC
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AFB strongly depend on PDF uncertainty ⇒ 

dominant systematic for the extraction of 

sin2θeff

• different couplings of u- and d-type 

quarks 

• yll direction depends on the relative 

content of valence and sea quarks 

• The expected sensitivity to particle level AFB as a 

function of mll 

• PDF band correspond to PDF uncertainty without 

inset constraint. 

• The imperfect knowledge of the PDF results in 

sizeable uncertainties in AFB, in particular in 
regions where the absolute value  of the 
asymmetry is large, i.e. at high and low mll. On 
the contrary, near the Z boson mass peak, the 
effect of varying sin2 θef f is maximal, while being 
significantly smaller at high and low masses. 



summary weak mixing angle @LHC
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categorisation → statistical and systematic uncertainties are significantly reduced 
relative to previous CMS and ATLAS measurements. 


Approaching precision of  Tevatron combination

 

https://arxiv.org/abs/1803.01853


The W mass @hadron collider

• Same basic measurement principle at 
Tevatron and LHC

✓Using a template fit approach to pl

T 
and mT


• Uncertainties dominated by model-
uncertainties

✓PDFs, angular coefficients 

✓Transverse momentum spectrum of 

the W boson


• Tevatron and LHC results currently at 
similar level of precision
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W mass measurement with ATLAS experiment

L. Aperio Bella	 	 	 40

CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

���e

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G

Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

44

19 MeV is still far from the target of 
8 MeV set by the electroweak fit 


how can we improve ?



W mass measurement with ATLAS experiment
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PDF uncertainty Dominated by 
knowledge of valence quark PDFs (in 
particular dv) 

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

44

Uncertainties dominated by model-uncertainties:

• PDFs [9 MeV]

• Transverse momentum spectrum of the W 

boson [8 MeV]

ATL-PHYS-PUB-2018-026

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/


low-Pileup Data
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Both ATLAS and CMS collected @340 pb-1 of data 
collected @13TeV with low Pileup <μ> =2  


fantastic opportunity for W precision measurement!
better understanding the physics modelling of the 
W mass measurement will allow  to reach 10 MeV 

precision !

Prospects for pTW measurement
• One of the largest uncertainties comes from 

the QCD modelling of the pTW distribution 


• pTW can be measured directly from recoil, 
provided experimental resolution is good 
enough. 


• For the pileup level of 2011 data (<!>=9)  
"(uT)=13 GeV, not good enough.


• Special runs taken in 2017 at <!>=2


• Lowered calorimeter thresholds and “particle 
flow” reconstruction will further improve the 
recoil reconstruction beyond simple pileup 
reduction


• Target:  measure pTW with ~1% uncertainty in 
5 GeV bins for   pTW<30 GeV


ATL-PHYS-PUB-2017-021

√s =   5 TeV     ∫ L = 280 pb-1 
√s = 13 TeV     ∫ L = 160 pb-1

low-! run

2011
Run-2

 18

ATL-PHYS-PUB- 2017-021



Futher in the future of W mass measurement


Study of potential of low pile-up runs, < μ >∼ 2, at HL-LHC@14TeV and HE-LHC@27TeV. 200 pb-1 per week, 
yielding ~1M candidate/week 


• Major reduction of uncertainty can be achieved due to:


✓Optimal reconstruction of missing transverse momentum → better recoil resolution 


✓Extended coverage with new tracking detector → ITk coverage from |η| < 2.5 to |η| < 4


✓combining central and forward ranges brings significant reduction in the PDF unc. →probe new region of 

x at Q
2
 ∼mW
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W mass prospects with HL-LHC and HE-LHC

Study of potential of low pile-up runs, < µ >⇠ 2, at HL-LHC@14TeV and HE-LHC@27TeV.

Major reduction of uncertainty can be achieved due to
Extended coverage with new tracking detector, ITk, from |⌘| < 2.5 to |⌘| < 4
! combining central and forward ranges brings significant reduction in the PDF unc.
! probe new region of x at Q2 ⇠ mW

Optimal reconstruction of missing transverse momentum

Total uncertainty of ⇠ 11 MeV with 200 pb�1 of data at each energy.
Future HL-LHC PDF set would reduce PDF uncertainty by factor of 2.
Future LHeC PDF set from DIS data would reduce PDF uncertainty by factor of 5-6.

Elena Yatsenko 17/18

ATL-PHYS-PUB-2018-026

ATL-PHYS-PUB-2018-026

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/

