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Overview

The Large Hadron electron Collider project

Deep Inelastic Scattering, ep
at very high energy

SM mass parameters
the weak mixing angle
quark neutral-current couplings

other beyond SM parameters

Ü arXiv:2007.11799 with D. Britzger and M. Klein
see also LHeC design report update
arXiv:1206.2913 and
http://cds.cern.ch/record/2706220
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Motivation

Lepton-nucleon scattering – the goal:
High-precision measurements of the ’nucleon structure’
Ü measure form factors, structure functions, (generalized) parton
distribution functions, ...

at low Q2 elastic and quasi-elastic scattering
Ü form factors, response functions, polarizabilities, ...

at high Q2 deep inelastic scattering
Ü parton distribution functions, GPDs, GDAs, ...

Test the dynamics of the strong interaction: QCD at high energies

Lepton scattering: only via electromagnetic and weak interaction

Ü well-controlled and separable perturbative treatment
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Motivation

Also: Electroweak Physics at HERA, SoLid, EIC, LHeC, ...

... the weak mixing angle at scales above the Z -resonance
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The running weak mixing angle, sin2 θ̂W (µ),
provides the link between low- and high-energy PV experiments
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DIS at the LHeC

LHeC Study Group
arXiv:1206.2913 and CERN-ACC-Note-2020-0002
Update to appear

(see also LEP⊗LHC, Aachen workshop, 1990)

Deliberation Document on the 2020 update of the European Strategy for
Particle Physics (CERN-ESU-014): “realistic option”

Data taking possible in the 2030s

New electron linac (ERL):
Ee = 50 or 60 GeV,

√
s = 1.2 or 1.3 TeV

Integrated luminosity per year: up to 180 fb−1

Other plans: EIC, SoLID, FCC-eh
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LHeC layout
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√
s = 1.2 or 1.3 TeV

xmin < 10−6 Q2
max ' 106 GeV2
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DIS cross sections

Cross sections for high-energy DIS (Pe = ±0.8)
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Reach to high Q2:

Opportunity for
electroweak physics

interactions strengths:
QED ' weak
NC ' CC
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Strategy, H1

Previous studies at HERA

Final electroweak physics analysis of H1 data:
arXiv: 1806.01176, EPJC 78

The strategy:

Fits to electroweak parameters simultaneously with PDF fits:

All fits are also PDF fits

i.e. correlations of EW parameters and PDFs are under control

(4 combinations of quark PDFs plus gluon PDF, total of 13 parameters)
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Data simulation

Summary data and uncertainties, inclusive NC and CC DIS

The cross sections increase slowly with the center-of-mass energy, mainly because the248

reach towards smaller values of the Bjorken variable x gets larger. For an electron beam249

energy of Ee = 60 GeV, the cross sections for NC or CC scattering in the typical range of250

Q2 in 10 000 < Q2 < 100 000 GeV2 are larger by about 10 to 15 %, compared to the case251

of Ee = 50 GeV. The di↵erence of cross sections between Ee = 50 and 60GeV increases252

with Q2.253

4 LHeC pseudo data254

In this section, the details of the LHeC pseudo-data 2 used below for an extraction of255

electroweak parameters are described.256

In the present analysis simulated double-di↵erential inclusive NC and CC DIS cross section257

data are exploited. The data have been simulated based on a numerical procedure [49] for258

the purpose of the LHeC CDR update [3]. The data are briefly described in the following.259

The data sets include electron and positron scattering, di↵erent lepton beam polarization260

settings, and di↵erent proton beam energies. Since a decision about the actual layout261

of the LHeC energy-recovery linac for the lepton beam has not yet been taken, we will262

study scenarios for two lepton beam energies, i.e. Ee = 50 GeV and 60 GeV. Most of263

the data were generated with the nominal LHC proton beam energy of Ep = 7000 GeV,264

but in addition, a small sample with the reduced proton energy of Ep = 1000 GeV is also265

considered. A summary of the data sets is given in Tab. 1.266

Processes Ep Qe Pe L Q2 range No. of data points (NC, CC)

[TeV] [fb�1] [GeV2] LHeC-60 LHeC-50

NC, CC 7 �1 �0.8 1000 5 – 106 150, 114 150, 123
NC, CC 7 �1 +0.8 10 5 – 106 150, 113 146, 117
NC, CC 7 +1 0 10 5 – 5 · 105 148, 109 145, 111
NC, CC 1 �1 0 1 5 – 105 128, 93 120, 92

Table 1: Summary of data sets used in our analysis. Each set is simulated for the two electron
beam energies Ee = 50 GeV and 60 GeV.

The majority of the data will be collected with an electron beam (Qe = �1) and with a267

longitudinal beam polarization of Pe = �0.8, expected to reach an integrated luminosity of268

about L ' 1000 fb�1. This will allow us to consider measurements of NC and CC DIS cross269

sections up to values of Q2
' 1 000 000GeV2. A considerably smaller data sample will be270

collected with a positive electron beam polarization of Pe = +0.8, i.e. with right-handed271

electrons. For this sample, an integrated luminosity of 10 fb�1 was assumed. Another272

2In the following, the simulated pseudo-data is simply denoted as data in order to facilitate reading.

8

several hundred
data points

data sample will be collected with a positron beam, where it is assumed that polarization273

will not be available. Technical limitations for the positron source put constraints on274

the achievable beam current and thus on the instantaneous luminosity. Therefore, an275

integrated luminosity of 10 fb�1 is assumed for this sample3. Such reduced luminosity276

values still allow to consider measurements with positrons reaching up to Q2 values of277

500 000GeV2. Finally, another data sample will be collected with a reduced proton beam278

energy. This will be important for a determination of FL and to access higher values of x.279

For this low-energy sample an integrated luminosity of 1 fb�1 was assumed. All data sets280

were restricted to Q2
� 5GeV2 in order to avoid regions where non-perturbative QCD281

e↵ects are important, which could deteriorate the determinations of parton distribution282

functions. For our purpose, the low-Q2 region is anyway of less interest since it does not283

contribute much to the sensitivity to EW parameters. CC DIS data are simulated only284

for Q2
� 100GeV2, since CC scattering events with significantly lower Q2 may be di�cult285

to measure due to limitations of the trigger system.286

The data simulation accounts for the acceptance of the LHeC detector, the kinematic287

reconstruction, and trigger restrictions. The resulting coverage of the kinematic plane288

can be found, for instance, in Ref. [32].289

Source of uncertainty Size of uncertainty Uncertainty on cross section

��NC ��CC

Scattered electron energy scale �E0
e/E

0
e 0.1 % 0.1 – 1.7%

Scattered electron polar angle 0.1mrad 0.1 – 0.7%
Hadronic energy scale �Eh/Eh 0.5% 0.1 – 4% 1.0 – 8.6%
Calorimeter noise (only y < 0.01) 1 – 3% 0.0 – 1.1%

Radiative corrections 0.3%
Photoproduction background (y > 0.5) 1% 0.0 or 1.0%
Uncorrelated uncertainty (e�ciency) 0.5% 0.5%
Luminosity uncertainty (normalization) 1.0% 1.0%

Table 2: Summary of the assumptions for uncertainties from various sources used in the sim-
ulation of the NC and CC cross sections. The first three items are calibration uncertainties
and a↵ect the event reconstruction. The last four items are uncertainties which can be assigned
directly to the cross section.

The data include a full set of systematic uncertainties and the individual sources are290

summarized in Tab. 2. For the bulk of the phase space, the ‘electron’ reconstruction291

method is used where the kinematic variables x and Q2 are determined from the energy292

and polar angle of the scattered electron. Important uncertainties originate from the293

electron energy scale and polar angle measurement, and uncertainties of �E 0
e
/E 0

e
= 0.1 %294

3This value may actually be even smaller due to the overriding challenge to generate intense positron
beams for use in a linac.

9

measurement
uncertainties
O(1%)

and �✓0
e
= 0.1 mrad are assumed. However, at lower values of y the electron method295

leads to a deterioration of the measurement resolution / 1/y. Thus one has to exploit296

the hadronic final state in the determination of the inelasticity. The present simulation297

accounts for this by using a simple ‘mixed’ (i.e. Q2
e
, yh) reconstruction method [49] to298

determine x = Q2/(sy). For the measurement of the hadronic final state, an uncertainty299

on the hadronic energy scale of �Eh/Eh = 0.5 % is imposed. Furthermore, uncertainties300

from QED radiative corrections of 0.3 %, and an uncertainty due to the background301

from photoproduction events of 1.0 % in the high-y region is assumed. The statistical302

uncertainty is taken to be at least 0.1 %. A global normalization uncertainty of 1 % is taken303

into account, which includes the luminosity uncertainty. Finally, a potential additional304

source of measurement errors is combined in an uncorrelated uncertainty component of305

0.5%. These may comprise unfolding and model uncertainties, e�ciency uncertainties,306

beam background related uncertaintes, or possible small stochastic uncertainties related307

to the calibration procedure.308

The data samples that we use have originally been simulated mainly for the purpose309

to perform studies of PDF determinations in which a rather coarse x-Q2 grid for the310

simulated data points was chosen (see Tab. 1). Yet, real data may allow a much finer311

binning, in particular at medium x values or at higher Q2. The e↵ect of a finer binning312

may be simulated to a very good approximation by changing the size of the uncorrelated313

uncertainty. In the following we consider alternative scenarios, one based on the original314

binning and with an uncorrelated uncertainty of 0.5 %, as well as a more optimistic setting315

where the grid in both x and Q2 is assumed finer by a factor of two and emulated by316

choosing the uncorrelated uncertainty correspondingly improved by the same factor, i.e.317

equal to 0.25%. The statistical uncertainty is determined by the expected number of318

events; however, we keep in any case a minimum value of 0.1 % for every data point. The319

properties of the thus generated four sets of data samples are summarised in Table 3.320

Scenario Ee Uncorrelated uncertainty

LHeC-50a 50GeV 0.5%
LHeC-50b 50GeV 0.25%
LHeC-60a 60GeV 0.5%
LHeC-60b 60GeV 0.25%

Table 3: Summary of the LHeC measurement scenarios. They will be referred to by the names
shown in the first column. A reduced uncorrelated uncertainty of 0.25% for the ’b’-scenarios
can be realized by increasing the number of bins with respect to the nominal number of data
points given in Tab. 1.

The data can be considered essentially as a collection of cross section ratios. In previous321

studies (see, e.g. [50, 51]) it was often assumed that such ratios are measured directly,322

for example the ratio of CC over NC cross sections, RCC/NC, the polarization asymmetry323

ALR or the charge asymmetry B± measuring the di↵erence between cross sections for324

electron and positron scattering. We do not construct these ratios explicitly, but leave it325

10

4 scenarios
Ee = 50 or 60 GeV
finer binning
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Expected uncertainties

Many data points
Data fix normalization
Data fix PDFs (mainly from lower Q2, 1γ-exchange)

Ü correlated normalization uncertainties strongly suppressed

Ü uncorrelated uncertainties reduced (several hundred data points)

Ü per mille uncertaintites for the measurement of cross section ratios

Equivalent to the measurement of cross section ratios, like

RCC/NC =
dσCC

dσNC
, Bc =

dσ(e−)− dσ(e+)

dσ(e−)− dσ(e+)

ALR =
dσL − dσR

dσL − dσR

dσNC(largeQ2)

dσNC(smallQ2)
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DIS at large Q2: Neutral Current

Neutral current at tree level (LO), polarized e±p scattering, inclusive

d2σNC(e±p)

dxdQ2 =
2πα2

Q4x

(
Y+F±2 ∓ Y−xF±3 − y2F±L

)
F±2 = Fγ2 + κZ (−ve ∓ Pae)FγZ

2 + κ2
Z (v2

e + a2
e ± 2Pveae)F Z

2

xF±3 = +κZ (−ae ± Pve)xFγZ
3 + κ2

Z (2veae ± P(v2
e + a2

e))xF Z
3

κZ (Q2) =
Q2

Q2 + m2
Z

1
4 sin2 θw cos2 θw

(Fγ2 , FγZ
2 , F Z

2 ) = x
∑

(Q2
q , 2Qqvq , v2

q + a2
q)(q + q̄)

x(FγZ
3 , F Z

3 ) = 2x
∑

(Qqaq , vqaq)(q − q̄)

vf = I(3)f − 2Qf sin2 θw , af = I(3)f (f = e, u, d , . . .)

On-shell scheme:
sin2 θw = 1− m2

W
m2

Z
Independent SM paramters: α, mZ , mW + PDFs
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DIS at large Q2: Charged Current

Charged current at tree level

d2σCC(e±)

dxdQ2 =
1± P

2
2πα2

Q4x
κ2

W

(
Y+W±2 ± Y−xW±3 − y2W±L

)

κW (Q2) =
Q2

Q2 + m2
w

1
4 sin2 θw

W−2 = x(U + D̄), xW−3 = x(U − D̄)

W+
2 = x(Ū + D), xW+

3 = x(D − Ū)

U = u + c, Ū = ū + c̄, D = d + s, D̄ = d̄ + s̄

SM paramters: α, mW , sin2 θw + PDFs

Note: we include NLO EW and NNLO QCD corrections
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SM parameters

at LO:

dσNC = dσNC(α,mZ ,mW ) and dσCC = dσCC(α,mZ ,mW )

On-shell scheme:

sin2 θW = 1−
m2

W

m2
Z

Note: δmW
mW

= sin2 θW
2 cos2 θW

δ sin2 θW
sin2 θW

' 0.15 δ sin
2 θW

sin2 θW

at NLO:
dσNC = dσNC(α,mZ ,mW ,mt ,mH , . . .)

Beyond the SM:
dσNC = dσNC(α,mZ ,mW , . . . , vf ,af )

dσNC = dσNC(α,mZ ,mW , . . . , ρ, κ)

dσNC = dσNC(α,mZ ,mW , . . . ,S,T ,U)

etc
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Results: mW +PDF fit

Fit parameter: mW (and PDFs), all other parameters fixed

 [GeV]W     m
80.35 80.4

[2020] PDG

LHeC-50a
LHeC-50b
LHeC-60a
LHeC-60b
Indirect determinations

ATLAS 
Tevatron
LEP2
Direct measurements

W-boson mass
δmW = ±6 MeV (LHeC-60b)
δmW = ±12 MeV (LHeC-50a)

(= ±9exp ± 8PDF MeV)

measurement errors: O(1%)
expected parameter
uncertainties: O(1h)
for mW , from error propagation:
O(10−4)

This is an indirect determination
of a SM parameter, mW
(cf. global EW fits)
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mW : Uncertainties

Normalization uncertainty [%]
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sin2 θW +PDF fit

W,l
effθ2         sin

0.231 0.2315 0.232

[PDG20] Standard Model

LHeC-50a
LHeC-50b
LHeC-60a
LHeC-60b

LHC
Tevatron
LEP+SLD

W,l
effθ2sin

Fit parameter: sin2θW

(in NC vector couplings only)

compared with Z -pole data

(note: need theory to
map sin2θW to sin2 θeff

W ,l )

∆ sin2θW (LHeC-50a) = ±0.00028(exp) ± 0.00019(PDF) = ±0.00034(tot)

∆ sin2θW (LHeC-50b) = ±0.00017(exp) ± 0.00014(PDF) = ±0.00022(tot) .

∆ sin2θW (LHeC-60a) = ±0.00023(exp) ± 0.00009(PDF) = ±0.00025(tot) ,

∆ sin2θW (LHeC-60b) = ±0.00014(exp) ± 0.00006(PDF) = ±0.00015(tot) ,
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sin2 θW +PDF fit: Scale dependence

 [GeV]2Q
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in 25 <

√
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Note: on-shell scheme, sin2θW is only one parameter
In the MS scheme:
this corresponds to a measurement of the
running effective sin2θW
(never measured before in one single experiment)
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Beyond the SM: (ρ, κ)+PDF fit

• Parametrize new (heavy) physics by modified couplings

vf =
√
ρ′f

(
I(3)f − 2Qf κ

′
f sin2 θw

)
, af =

√
ρ′f I(3)f (f = e, u, d , . . .)

ρ: NC/CC ratio, κ: effective weak mixing angle
can be flavor- and scale-dependent

   
NC,f
'ρ

0.995 1 1.005

f'κ

0.995

1

1.005

1.01
All fermions

LHeC-60b
LHeC-60a
LHeC-50a

leptons (uncertainty only)LEP+SLD 
SM

C.L. % 68

• Precision similar to LEP, SLD and D0 measurements from a single experiment
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Beyond the SM: (ρ, κ)+PDF fit

vq =
√
ρ′q

(
I(3)q − 2Qq κ

′
q sin2 θw

)
, aq =

√
ρ′q I(3)q (q = u, d , . . .)

4-parameter fit of quark couplings

NC,d
'ρ

0.95 1 1.05

d'κ

0.9

1

1.1

1.2
down-type quarks (d=s=b)

LHeC-60b
LHeC-60a
LHeC-50a

b-quarks (uncertainty only)LEP+SLD 
SM

C.L. % 68

NC,u
'ρ

0.96 0.98 1 1.02 1.04

u'κ

0.95

1

1.05

1.1
up-type quarks (u=c)

LHeC-60b
LHeC-60a
LHeC-50a

c-quarks (uncertainty only)LEP+SLD 
SM

C.L. % 68

• Separate light-quark flavor couplings (mainly u and d)
• Similar to c- or b-tagged quark couplings from Z -pole
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(ρ, κ)+PDF fit: scale dependence

 [GeV]2Q

100 1000

N
C

,f
'ρ

0.95

1

1.05

1.1
LHeC-50a H1 data

LHeC-60b SM 

 [GeV]2Q

100 1000

f'κ

0.98

1

1.02

1.04
LHeC-50a H1 data

LHeC-60b SM 

Best sensitivity at Q2 ' 20, 000 GeV2, 1 to 2 permille

(Note: κ′f corresponds to effective weak mixing angle, sin2 θeff
W ,f = κ′f sin2θW )
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Charged-current coupling: ρCC+PDF fit

 [GeV]2Q

10 100

C
C

,f
'ρ

0.98

0.99

1

1.01

1.02

1.03
LHeC-50a H1 data

LHeC-60b SM 

Fit parameters:
12 values of ρ′CC
in Q2 bins

0.3 % for Q2 < (500 GeV)2

ρ′CC : normalization of the
CC cross section

distinguished from ρ′NC
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Leptonic couplings: vf ,af +PDF fits

ea
0.51− 0.505− 0.5− 0.495− 0.49−

ev

0.06−

0.055−

0.05−

0.045−

0.04−

0.035−
LHeC

FCC-ep

FCC-ep, PDF uncertainties excluded

LEP+SLD, parametric uncertainties

from PDG 2020
ve = 0.03817± 0.00047
ae = −0.50111± 0.00035

LHeC not competitive
(but only a factor 3 off)
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Light-quark NC couplings: vq ,aq+PDF fits

d
A

g
0.6− 0.5− 0.4−

d Vg

0.6−

0.4−

0.2−

0
LHeC-50a
H1
LEP & SLD
D0
SM

C.L. 68

u
A

g
0.4 0.5 0.6

u Vg

0.1

0.2

0.3

0.4

LHeC-50a
H1
LEP & SLD
D0
SM

C.L. 68

PDG2020 average
vd = −0.38+0.04

−0.05

ad = −0.527+0.040
−0.028

vu = 0.266± 0.034

au = 0.519+0.028
−0.033

LHeC improves by more than an order of magnitude
flavor-separated and without sign ambiguity
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Theory predictions

DIS at the LHeC
expect high experimental precision for EW parameters

Ü Motivation for theory:
2-loop calculation
calculation in the MS scheme
theory uncertainties in parameter relations:
on-shell sin2θW versus leptonic effective sin2θW
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Summary

LHeC:
High-precision measurements of inclusive DIS
Precision of electroweak parameters in general
similar to Z -pole observables
... but from space-like scattering
covering a large range of Q2

Scale dependence of couplings
Separated light-quark couplings
Not only a “realistic”, but also an “interesting option”

More details, see arXiv:2007.11799
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Appendix
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mW ,mt+PDF fit

 [GeV]tm
160 170 180 190

 [G
eV

]
W

m

80.3

80.4

80.5

LHeC-60b
LHeC-60a
LHeC-50a
LEP1+SLD
Global EW fit
PDG

C.L. 68

mW from LO (mainly, sin2θW )
mt through 1-loop

similar to indirect
mt determinations
from Z -pole observables
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STU+PDF fit

S
0.5− 0 0.5

T

0.5−

0

0.5 LHeC-60b FG
LHeC-60a
LHeC-50a

C.L. 68

S
0.5− 0 0.5

U

0.5−

0

0.5 LHeC-60b FG
LHeC-60a
LHeC-50a

C.L. 68

T
0.5− 0 0.5

U

0.5−

0

0.5 C.L. 68

LHeC-60b
LHeC-60a
LHeC-50a FG

From single-parameter fits: factor 2 - 5 better than present PDG values
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