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LHeC and FCC-eh: Top and EW measurements: 1. Introduction.

● LHeC idea born in 2005: 
upgrade of the HL-LHC to 
study DIS at the terascale.

● It must be able to 
run concurrently 
with pp (also FCC-eh), 
plus limitations on power 
consumption, high 
luminosity for Higgs 
studies,… ⇒ energy 

recovery linac as baseline.

Tevatron/HERA/
LEP (fermiscale) → 
continue to the 
terascale
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DIS at s ≃ 1.3/2.2/3.5 TeV, ∫ ℒdt ∼ 1 − 2 ab−1 ∼ 1000 × HERA
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Detectors:
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➜ Large acceptance, precision 
device: design determined by 
kinematics and high precision 
(H→bb in CC).

➜ Low radiation (1/100 that of 
pp) enables sensitive 
technology such as HV CMOS 
to be used.

➜ Low field dipole inserted 
before the HCAL to ensure 
head-on ep collision; 
conventional solenoid.

➜ Forward (p,n) and backward 
(e, γ) tagging detectors.

➜ Modular structure for fast installation, fitting inside the L3 magnet in IP2.
➜ Forward-backward symmetrised version would allow eh and hh 
collisions in the same IP (2201.02436).



DIS at the energy frontier:
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● Deliverables of ep/eA: 
➜ Highest resolution microscope: 
discovery in QCD.
➜ Empowering the LHC/FCC 
programmes.
➜ Precision Higgs facility together with 
HL-LHC/FCC-hh.
➜ Precision and discovery facility (top, 
EW, BSM).
➜ Unique nuclear physics facility.

● Contribution to LHC/FCC:
➜ Improve SM measurements.
➜ Searches for BSM.
➜ Flavor physics of heavy quarks and 
leptons.
➜ Higgs properties.
➜ QCD at high density/temperature.



DIS at the energy frontier:

6 N. Armesto, 10.04.2024LHeC and FCC-eh: Top and EW measurements: 1. Introduction.

● Deliverables of ep/eA: 
➜ Highest resolution microscope: 
discovery in QCD.
➜ Empowering the LHC/FCC 
programmes.
➜ Precision Higgs facility together with 
HL-LHC/FCC-hh.
➜ Precision and discovery facility (top, 
EW, BSM).
➜ Unique nuclear physics facility.

● Contribution to LHC/FCC:
➜ Improve SM measurements.
➜ Searches for BSM.
➜ Flavor physics of heavy quarks and 
leptons.
➜ Higgs properties.
➜ QCD at high density/temperature.



DIS at the energy frontier:

6 N. Armesto, 10.04.2024LHeC and FCC-eh: Top and EW measurements: 1. Introduction.

● Deliverables of ep/eA: 
➜ Highest resolution microscope: 
discovery in QCD.
➜ Empowering the LHC/FCC 
programmes.
➜ Precision Higgs facility together with 
HL-LHC/FCC-hh.
➜ Precision and discovery facility (top, 
EW, BSM).
➜ Unique nuclear physics facility.

● Contribution to LHC/FCC:
➜ Improve SM measurements.
➜ Searches for BSM.
➜ Flavor physics of heavy quarks and 
leptons.
➜ Higgs properties.
➜ QCD at high density/temperature.



Synergies between eh and hh programes:
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High precision ep 
measurements used 
as input in hh 
analyses for their 
improvements

ep measurements to considerably 
improve hh physics output, e.g., in 
final combinations

ep analyses with 
sensitivity complementary 
to hh analyses to 
complete the overall hh 
physics program 

 hh 
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→ Empowerment of hh 
program.
→ Input to pp physics 
analyses improving sizable 
uncertainties and limitations.

→ Competitive measurements and combination of results.
→ Uncorrelated uncertainties.
→ Resolve common/correlated expt. uncertainties.
→ Resolve correlations in parameters of interest.
→ Empowers global fits.

→ High precision QCD analyses.
→ High precision measurements 
of specific parameters.
→ Searches in complementary 
phase space regions.
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EW physics: W mass

8LHeC and FCC-eh: Top and EW measurements: 2. EW.. N. Armesto, 10.04.2024

● Many EW physics opportunities (spacelike vs. 
timelike in e+e- /pp) through PDF+EW fits: W&Z 
mass, ,  V and A NC/CC couplings to 
light quarks,…
● LHeC will provide additional precision, though 
PDFs, to the determination of MW at HL-LHC.

sin2 θeff,l
W

ΔMW=±6 MeV 
(HL-LHC)
→ ±2 MeV (HL-
LHC + LHeC 
PDFs)
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EW physics: sin2 θW
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● Direct constraints on , higher order 
corrections included:

● Scale dependence through simultaneous fits with PDFs.
● Indirect determination through improving LHC 
measurements (FB asymmetries).

sin2 θeff,l
W

from the LEP+SLD combination 12 [338]. It is found that these parameters can be determined
with very high experimental precision.

Assuming the couplings of the electron are given by the SM, the anomalous form factors for
the two quark families can be determined and results are displayed in Fig. 3.54 (right). Since
these measurements represent unique determinations of parameters sensitive to the light-quark
couplings, we can compare only with nowadays measurements of the parameters for heavy-quarks
of the same charge and it is found that the LHeC will provide high-precision determinations of
the ⇢

0
NC and 

0
NC parameters.

A meaningful test of the SM can be performed by determining the e↵ective coupling parameters
as a function of the momentum transfer. In case of 

0
NC, this is equivalent to measuring the

running of the e↵ective weak mixing angle, sin ✓
e↵
W(µ) (see also Sec. 3.3.7). However, DIS is quite

complementary to other measurements since the process is mediated by space-like momentum
transfer, i.e. q

2 = �Q
2

< 0 with q being the boson four-momentum. Prospects for a determi-
nation of ⇢

0
NC or 

0
NC at di↵erent Q

2 values are displayed in Fig. 3.55 and compared to results
obtaind by H1. The value of 

0
NC(µ) can be easily translated to a measurement of sin ✓

e↵
W(µ).
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Figure 3.55: Test of the scale dependence of the anomalous ⇢ and  parameters for two di↵erent LHeC
scenarios. For the case of LHeC-60, i.e. Ee = 60GeV, we assume an uncorrelated uncertainty of 0.25 %.
The uncertainties of the parameter 

0
NC,f can be interpreted as sensitivity to the scale-dependence of the

weak mixing angle, sin ✓
e↵
W(µ).

From Fig. 3.55 one can conclude that this quantity can be determind with a precision of up to
0.1 % and better than 1% over a wide kinematic range of about 25 <

p
Q2 < 700 GeV.

3.3.7 The e↵ective weak mixing angle sin2 ✓e↵,`
W

The leptonic e↵ective weak mixing angle is defined as sin2
✓
e↵,`

W (µ2) = NC,`(µ2)sin2
✓W. Due to

its high sensitivity to loop corrections it represents an ideal quantity for precision tests of the
Standard Model. Its value is scheme dependent and it exhibits a scale dependence. Near the

12Since in the LEP+SLD analysis the values of ⇢NC and NCsin
2
✓W are determined, we compare only the

size of the uncertainties in these figures. Furthermore it shall be noted, that LEP is mainly sensitive to the
parameters of leptons or heavy quarks, while LHeC data is more sensitive to light quarks (u,d,s), and thus the
LHeC measurements are highly complementary.
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Parameter Unit ATLAS (Ref. [342]) HL-LHC projection

MMHT2014 CT14 HL-LHC PDF LHeCPDF

Centre-of-mass energy,
p

s TeV 8 14 14 14
Int. luminosity, L fb�1 20 3000 3000 3000

Experimental uncert. 10�5
± 23 ± 9 ± 7 ± 7

PDF uncert. 10�5
± 24 ± 16 ± 13 ± 3

Other syst. uncert. 10�5
± 13 – – –

Total uncert., � sin2
✓W 10�5

± 36 ± 18 ± 15 ± 8

Table 7.1: The breakdown of uncertainties of sin2
✓W from the ATLAS preliminary results at

p
s = 8TeV

with 20 fb�1 [342] is compared to the projected measurements with 3000 fb�1 of data at
p

s = 14 TeV
for two PDF sets considered in this note. All uncertainties are given in units of 10�5. Other sources of
systematic uncertainties, such as the impact of the MC statistical uncertainty, evaluated in Ref. [342] are
not considered in the HL-LHC prospect analysis.

eff
lθ2sin

0.23 0.231 0.232
 0.00008±0.23153 HL-LHC ATLAS PDFLHeC: 14 TeV

 0.00015±0.23153 : 14 TeVHL-LHCHL-LHC ATLAS PDF4LHC15

 0.00018±0.23153 HL-LHC ATLAS CT14: 14 TeV

 0.00036±0.23140 ATLAS Preliminary: 8 TeV

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole average
ATLAS Simulation Preliminary

Figure 7.1: Comparison of measurements or combinations of sin2
✓

`

e↵ with the world average value
(orange band) and the projected uncertainties of measurements at the HL-LHC. For the HL-LHC the
central values are set to the world average value and uncertainties are displayed for di↵erent assumptions
of the available PDF sets, similar to Tab. 7.1.

7.1.2 The W -boson mass

This section summarises a prospective study describing prospects for the measurement of mW

with the upgraded ATLAS detector, using low pile-up data collected during the HL-LHC pe-
riod [596]. Similar features and performance are expected for CMS.

Proton-proton collision data at low pile-up are of large interest for W boson physics, as the low
detector occupancy allows an optimal reconstruction of missing transverse momentum, and the
W production cross section is large enough to achieve small statistical uncertainties in a moderate
running time. At

p
s = 14 TeV and for an instantaneous luminosity of L ⇠ 5 ⇥ 1032 cm�2s�1,

corresponding to two collisions per bunch crossing on average at the LHC, about ⇥107 W boson
events can be collected in one month. Such a sample provides a statistical sensitivity at the
permille level for cross section measurements, at the percent level for measurements of the W

boson transverse momentum distribution, and below 4 MeV for a measurement of mW .

Additional potential is provided by the upgraded tracking detector, the ITk, which extends the

183

LHeC PDFs
CMS preliminary
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EW physics: couplings to light quarks
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● Coupling of ,Z,W to light flavours not accessible in other 
processes; also BSM contributions (e.g., in the SMEFT 
framework) and running are measurable.

γ
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EW physics: triple and quartic gauge couplings
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● Triple and quartic gauge couplings 
can be probed (D. Britzger, EPS-
HEP2023) (also in  mode).γγ



Top physics: CKM
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● At the LHeC, limits on several CKM 
matrix elements can be set using single 
top production (Vtb to 1% at LHeC 
and FCC-eh): polarisation essential.

|fLV Vtb|



Top physics: anomalous couplings
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● Anomalous couplings can be probed, limits 
competitive with HL-LHC.
● Checks of SM predictions.

f1
L = 1 (SM)

1307.1688



Top physics: FCNC
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● Also top FCNC (suppressed in the SM and enhanced through BSM) or CP violation in top 
Yukawa couplings: competitive/complementary with other machines.



Summary:
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●  LHeC and FCC-eh:

➜ Have a physics case on their own: 
obviously QCD (both precision and 
discovery in ep and eA), but also EW, 
top, Higgs, BSM.

➜ Enlarge the reach of hadronic 
colliders into (higher) precision 
(PDFs, factorisation), both for pp and 
for AA.

➜ Have complementarities and 
synergies with the other collision 
modes: hh and e+e-.

���e
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● Thank you very much to:
➜ The organisers for the invitation to deliver this talk.
➜ Maarten Boonekamp, Daniel Britzger and Christian Schwanenberger for material 
and feedback.
➜ You for your attention!
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Lepton-proton/nucleus scattering facilities

CepC-
SppC-ep

Accelerators:
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Luminosities: ~1034 (1033) cm-2s-1 
in ep (ePb) (details in backup).

∫

1810.13022



Luminosities:
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∫
● P=±0.8 (electrons): important for Higgs, not 
used in BSM.
● Positrons: P=0, ~1/1000 luminosity.
● FCC-eh could deliver ~2 ab-1.
● ePb integrated luminosities can be estimated 
1/100 those in ep (10 times smaller luminosity 
times 10 times smaller running time).

LHeC and FCC-eh: Top and EW measurements: 1. Introduction.

ep

ePb

1810.13022


