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LHeC: √s= 1.3 TeV
×100–1000 HERA lumi.

FCC-eh: 
√s= 3.5 TeV

LHeC and FCC-eh

HERA: world’s first and still 

only ep collider (√s ≃ 300 GeV)

LHeC: future ep (eA) collider, 

proposed to run concurrently  

with HL/HE-LHC; CDR arXiv:1206.2913 

(complementary to LHC; extra discovery 

channels; Higgs; precision pdfs and "s)

FCC-eh: further future ep (eA) 

collider, integrated with FCC 

(further kinematic extension wrt LHeC)

2
LHeC (FCC-eh) complementary to, synchronous with, HL-LHC (FCC)



FCC-eh: 
Q2 to 107 GeV2, x: 10-7 ⟶ 1
(⨉15/120 extension in Q2,1/x reach vs HERA)

kinematic coverage
LHeC:
Q2 to 106 GeV2, x: 10-6 ⟶ 1

3

• very rich physics programme; see also other talks in this workshop:                   
LHeC and FCC-eh machine (D Schulte); BSM (D Britzger); eA (Z Zhang); SM and BSM Higgs (C Zhang)

• outline of this talk: 
• proton pdfs 
• #s, electroweak

see also very fruitful LHeC and PERLE workshop, LAL-Orsay, 26 – 29 June 2018                   
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gg

qqbar

H,t BSM

W,Z,VH

pdfs poorly known at large and small x 

higher precision needed also for H, W, t

pdf luminosities (LHC@14TeV)

current data only above x=5.10-5, and below x=0.6–0.7
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xg(x,Q), NNLO, Q2=100 GeV2, αs(MZ)=0.118

Higgs production 

in gluon fusion

c, b, low mass DY, 

soft QCD, MC tuning

gluinos, KK gravitons, 

boosted top quarks, …

proton pdfs today
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Why better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements
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large x gluons matter

Empowering	pp	Discoveries	

SUSY,	RPC,	RPV,	LQS..	

External,	reliable	input	(PDFs,	factorisation..)	is	crucial	for	range	extension	+	CI	interpretation			

GLUON	 QUARKS	

Exotic+	Extra	boson	searches	at	high	mass	

ATLAS	
today	

ATLAS 2017

MW

Higgs

BSM
… 

large x quarks matter

ATLAS 
today

5

W± production

pdfs today

with higher luminosity and energy machines on horizon, 

will need transformation in precision



HL-LHC ‘ultimate’ pdf projections
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LHC measurements are providing useful pdf constraints (EG. see previous talk);  
should certainly be exploited; and currently we have nothing else …

is there a NEED for future ep collider for pdfs?                           
will we improve the precision of pdfs sufficiently using LHC data? 

(L Harland-Lang, HL/HE-LHC WS, CERN, June 2018)

preliminary

preliminary

impact of  HL-LHC W,Z, top, Zpt

HL-LHC ultimate pdf projection studies ongoing: 



LHeC and FCC-eh pdf programme
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simulation: M Klein
QCD analysis: V Radescu, G Pownall

LHeC (FCC-eh) goals: completely resolve all proton pdfs, and αs to permille precision

no higher twist, no nuclear corrs., free of sym. assumptions, factorization proven, N3LO (on the way)

ubar, uv, dbar, dv, s, c, b, t, xg and αs

NB, fit studies do not yet include simulated s, c, b, t or FL data

LHeC and FCC-eh pdf programme
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(simulation: M Klein; QCD analysis: V Radescu, G Pownall)

LHeC (FCC-eh) simulated NC and CC inclusive DIS data

NEW: additional LHeC simulation with 1/10th integrated luminosity (and no low energy data)

LHeC/FCC-eh goals: completely resolve all proton pdfs, and αs to permille precision

no higher twist, no nuclear corrections, free of symmetry assumptions, N3LO theory (on the way)

ubar, uv, dbar, dv, s, c, b, t, xg and αs

NB, fit studies do not yet include simulated s, c, b, t or FL data
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+NEW: additional LHeC simulation with 1/10th integrated luminosity (no low energy data)
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valence quarks from LHeC

large x crucial for searches; relevant for DY, MW; resolve mystery of d/u at large x; …

u valence d valence

LHeC

precision determination, free from higher twist corrections and nuclear uncertainties

(1/10 lumi.) 

preliminary preliminary
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gluon at large x

gluon at large x is small and currently 

very poorly known;
crucial for new physics searches

LHeC sensitivity at large x comes as 

part of overall package

high luminosity (×100–1000 HERA); 

fully constrained quark pdfs; low x; 

momentum sum rule

gluon and sea intimately related
LHeC can disentangle sea from 

valence quarks at large x, with precision 

measurements of CC and NC F2γZ, xF3γZ

(1/10 lumi.) 

LHeC

preliminary
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LHeC: enormously extended range and much improved precision c.f. HERA

functions F cc
2 and F bb

2 , respectively, compared to recent measurements [150] from HERA.
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cc  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εc=0.1)
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Figure 3.23: F cc
2 projections for LHeC compared to HERA data [150], shown as a function

of x for various Q2 values. The expected LHeC results obtained with the RAPGAP MC
simulation are shown as points with error bars representing the statistical uncertainties. The
dashed lines are interpolating curves between the points. For the open points the detector
acceptance is assumed to cover the whole polar angle range. For the grey shaded and black
points events are only accepted if at least one charm quark is found with polar angles �c > 20

and �c > 100, respectively. For further details of the LHeC simulation see the main text.
The combined HERA results from H1 and ZEUS are shown as triangles with error bars
representing their total uncertainty.

The data are shown as a function of x for various Q2 values. The Q2 values were chosen such
that they cover a large fraction of the specific values for which HERA results are available.
Some further values demonstrate the phase space extensions at LHeC. The projected LHeC
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LHeC  F2
bb  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εb=0.5)
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Figure 3.24: F bb
2 projections for LHeC compared to HERA data [151] from H1, shown

as a function of x for various Q2 values. The expected LHeC results obtained with the
RAPGAP MC simulation are shown as points with error bars representing the statistical
uncertainties. The dashed lines are interpolating curves between the points. For the open
points the detector acceptance is assumed to cover the whole polar angle range. For the
grey shaded and black points events are only accepted if at least one beauty quark is found
with polar angles �b > 20 and �b > 100, respectively. For further details of the LHeC
simulation see the main text. The HERA results from H1 are shown as triangles with error
bars representing their total uncertainty.

data are presented as points with error bars which (where visible) indicate the estimated
statistical uncertainties. For the open points the detector acceptance is assumed to cover
the whole polar angle range. For the grey shaded and black points events are only accepted
if at least one charm quark is found with polar angles �c > 20 and �c > 100, respectively.
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• δMc = 60 (HERA) to 3 MeV: impacts on αs, regulates ratio of charm to light, crucial for precision t, H
• MSSM: Higgs produced dominantly via bb → A  

c, b quarks



x
-610 -510 -410 -310 -210 -110 1

)2
 =

 1
.9

 G
eV

2
)(x

, Q
s

x(
s+

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
2 = 1.9 GeV2 distribution at Qss+

PDF (68% C.L.)

CT14

NNPDF3.0

MMHT2014

HERAPDF2.0_EIG

ATLASepWZ16_EIG

LHeC

x
-610 -510 -410 -310 -210 -110

)2
 =

 1
.9

 G
eV

2
)(x

, Q
s

x(
s+

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
2 = 1.9 GeV2 distribution at Qss+

NNLO PDF (68% C.L.)

CT14

NNPDF3.0

MMHT2014

HERAPDF2.0_EIG

ATLASepWZ16_EIG

sr
0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABM12
NNPDF3.0
MMHT14
CT14
ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
exp+mod+par uncertainty
exp+mod+par+thy uncertainty

ATLAS, x=0.0232 = 1.9 GeV2Q

sR
0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABM12
NNPDF3.0
MMHT14
CT14
ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
exp+mod+par uncertainty
exp+mod+par+thy uncertainty

ATLAS, x=0.0232 = 1.9 GeV2Q

Figure 31: Determination of the relative strange-to-down sea quark fractions rs (left) and Rs (right). Bands: Present
result and its uncertainty contributions from experimental data, QCD fit, and theoretical uncertainties, see text;
Closed symbols with horizontal error bars: predictions from di↵erent NNLO PDF sets; Open square: previous
ATLAS result [38]. The ratios are calculated at the initial scale Q2

0 = 1.9 GeV2 and at x = 0.023 corresponding to
the point of largest sensitivity at central rapidity of the ATLAS data.

• To test the sensitivity to assumptions about the low-x behaviour of the light-quark sea, the constraint
on ū = d̄ as x ! 0 is removed by allowing Ad̄ and Bd̄ to vary independently from the respective
Aū and Bū. The resulting ū is compatible with d̄ within uncertainties of ' 8% at x ⇠ 0.001 and Q2

0,
while s + s̄ is found to be unsuppressed with rs = 1.16.

• The ATLAS-epWZ16 PDF set results in a slightly negative central value of xd̄�xū at x ⇠ 0.1, which
with large uncertainties is compatible with zero. This result is about two standard deviations below
the determination from E866 fixed-target Drell–Yan data [137] according to which xd̄ � xū ⇠ 0.04
at x ⇠ 0.1. It has been suggested that the ATLAS parameterization forces a too small xd̄ distribution
if the strange-quark PDF is unsuppressed [135]. However, the E866 observation is made at x ⇠ 0.1,
while the ATLAS W, Z data have the largest constraining power at x ⇠ 0.023. For a cross-check, the
E866 cross-section data was added to the QCD fit with predictions computed at NLO QCD. In this
fit xd̄ � xū is enhanced and nevertheless the strange-quark distribution is found to be unsuppressed
with rs near unity.

• Separate analyses of the electron and muon data give results about one standard deviation above
and below the result using their combination. If the W± and Z-peak data are used without the Z/�⇤

data at lower and higher m``, a value of rs = 1.23 is found with a relative experimental uncertainty
almost the same as in the nominal fit.

• A suppressed strange-quark PDF may be enforced by fixing rs = 0.5 and setting Cs̄ = Cd̄. The total
�2 obtained this way is 1503, which is 182 units higher than the fit allowing these two parameters to
be free. The ATLAS partial �2 increases from 108 units to 226 units for the 61 degrees of freedom.
A particularly large increase is observed for the Z-peak data, where �2/n.d.f. = 53/12 is found for
a fit with suppressed strangeness.

A final estimate of uncertainties is performed with regard to choosing the renormalization and factor-
ization scales in the calculation of the Drell–Yan cross sections. The central fit is performed using the
dilepton and W masses, m`` and mW , as default scale choices. Conventionally both scales are varied by

63
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strange
strange pdf poorly known; suppressed cf. other light quarks? strange valence?

†ATLAS arXiv:1203.4051, confirmed with high stats in 1612.03016; and by global fitters EG. NNPDF 1706.00428, MMHT 1708.00047
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Figure 3.13: Simulated measurement of the anti-strange quark density in CC e�p scattering
with charm tagging at the LHeC, for a luminosity of 10 fb�1. Closed (open) points: tagging
acceptance down to 10 (1⇥). The charm quark tagging e�ciency is assumed to be �c = 10%
and the e�ciency to keep light quark background bgdq = 1%.
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LHeC: direct sensitivity to strange via W+s → c
(x,Q2) mapping of (anti) strange quark for first time

also top pdf via CC DIS becomes possible!ATLAS† see large strange fraction at mean x~0.01
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no current data much below x=5⨉10-5

LHeC provides single, precise and 
unambiguous dataset down to x=10-6

FCC-eh probes to even smaller x=10-7

explore low x QCD: 
DGLAP vs BFKL; non-linear evolution; 

gluon saturation; implications 
for ultra high energy neutrino cross sections

LHeCFCC-eh

FCC-eh

HERA

LHeC (1/10 lumi.) 

preliminary
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• recent evidence for onset of BFKL dynamics in HERA inclusive data

R. Ball et al, arXiv:1710.05935 

gg lumi

• impact for LHC and most certainly at ultra low x values probed at FCC

effect of small x 
resummation

NNLO only

xg(x)

effect of small x resummation

(see also xFitter study, arXiv:1802.00064)
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FIG. 1. All-order e↵ects on the Higgs cross section computed at N3LO, as a function of
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s. The plot of the left shows the

impact of small-x resummation, while the one of the right of large-x resummation. The bands represent PDF uncertainties.

small-x [89]. This opens up the possibility of achieving
fully consistent resummed results. While we presently
concentrate on the Higgs production cross section, our
technique is fully general and can be applied to other
important processes, such as the Drell-Yan process or
heavy-quark production. We leave further phenomeno-
logical analyses to future work.

Let us start our discussion by introducing the factor-
ized Higgs production cross section

�(⌧,m2
H
) = ⌧�0

�
m2

H
,↵s(µ

2
R
)
�

(1)

⇥

X

ij

Z 1

⌧

dx
x Lij

�
⌧
x , µ

2
F

�
Cij

⇣
x,↵s(µ

2
R
), m2

H

µ2

F

, m2

H

µ2

R

⌘
,

where �0 is the lowest-order partonic cross section, Lij

are parton luminosities (convolutions of PDFs), Cij are
the perturbative partonic coe�cient functions, ⌧ = m2

H
/s

is the squared ratio between the Higgs mass and the col-
lider center-of-mass energy, and the sum runs over all
parton flavors. Henceforth, we suppress the dependence
on renormalization and factorization scales µR, µF. More-
over, because the Higgs couples to the gluon via a heavy-
flavor loop, (1) also implicitly depends on any heavy vir-
tual particle mass.

The general method to consistently combine large-
and small-x resummation of partonic coe�cient functions
Cij(x,↵s) was developed in [85]. The basic principle is
the definition of each resummation such that they do
not interfere with each other. This statement can be
made more precise by considering Mellin (N) moments
of (1). The key observation is that while in momen-
tum (x) space coe�cient functions are distributions, their
Mellin moments are analytic functions of the complex
variable N and therefore, they are (in principle) fully de-
termined by the knowledge of their singularities. Thus,
high-energy and threshold resummations are consistently

combined if they mutually respect their singularity struc-
ture. In [85], where an approximate N3LO result for Cij

was obtained by expanding both resummations to O(↵3
s),

the definition of the large-x logarithms from threshold re-
summation was improved in order to satisfy the desired
behavior, and later this improvement was extended to
all orders in [45], leading to the so-called  -soft resum-
mation scheme. Thanks to these developments, double-
resummed partonic coe�cient functions can be simply
written as the sum of three terms [90]

Cij(x,↵s) = Cfo
ij (x,↵s)+�C lx

ij (x,↵s)+�Csx
ij (x,↵s), (2)

where the first term is the fixed-order calculation, the
second one is the threshold-resummed  -soft contribu-
tion minus its expansion (to avoid double counting with
the fixed-order), and the third one is the resummation of
small-x contributions, again minus its expansion. Note
that not all partonic channels contribute to all terms
in (2). For instance, the qg contribution is power-
suppressed at threshold but it does exhibit logarithmic
enhancement at small x.
Our result brings together the highest possible accu-

racy in all three contributions. The fixed-order piece is
N3LO [18–22], supplemented with the correct small-x be-
havior, as implemented in the public code ggHiggs [49,
85, 91]. Threshold-enhanced contributions are accounted
for to next-to-next-to-next-to-leading logarithmic accu-
racy (N3LL) in the  -soft scheme, as implemented in
the public code TROLL [45, 49]. Finally, for high-energy
resummation we consider the resummation of the lead-
ing non-vanishing tower of logarithms (here LLx) to the
coe�cient functions [62, 83], which we have now imple-
mented in the code HELL [86, 87]. The technical details of
the implementation will be presented elsewhere [92]. Our
calculation keeps finite top-mass e↵ects where possible.
In particular, in the fixed-order part they are included

gluon at small x
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effect of small x resummation on ggH cross section for LHC, HE-LHC, FCC 
impact on other EW observables could be of similar size

M. Bonvini and S. Marzani, arXiv:1802.07758
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ep simulated data very precise – significant constraining power to discriminate 
between theoretical scenarios of small x dynamics                                  

F2 and FL predictions for simulated kinematics of LHeC and FCC-eh

measurement of FL has a critical role to play

arXiv:1710.05935

FL
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summary of LHeC pdfs
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uncertainty on the W mass measurement 
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to LHC/HL-LHC mW measurements 

W mass can be fitted from PDF + 
EW parameter fits in the space-like 
regime using ep data providing a 
complementary testing ground. 

~3 MeV uncert. 
on MW from LHC

precision Higgs 
from LHC
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simulation: extrapol. from ZEUS-SJ; 
5% Gaussian noise (syst.) assumed

precision increased by about 
×10 (20) at LHeC (FCC-eh)
diffractive dijets could provide further gluon info. 

top quark PS also accessible 

see also talk by A. Stasto, LHeC and PERLE workshop, LAL-Orsay, June 2018

HERA: diffractive 
processes constitute 
≈10% of visible DIS 

cross section Q2min ≈ 5 GeV2
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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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15LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Light quark couplings at LHeC and FCC-eh

LHeC and FCC-ep
● Polarisation of lepton beam (Pe ~ ±80%) improves precision
● Very precise measurements of weak light-quark couplings feasible

preliminary

Axial and axial-vector couplings of quarks
● Couplings of quarks to Z-boson

68% C.L.

up-type quarks

Z0

a
q
, v

q

vq= I q , L
(3) −2Qq sin

2θWaq=I q , L
(3)

preliminary

10LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

W-boson mass

W-boson mass from NC&CC DIS data
● All other masses expected to be known
● H1   ± 89(exp )73(PDF) MeV (arXiv:1806.01176)

● HERA ± 63(exp )29(PDF) MeV
● LHeC ± 14(exp )10(PDF) MeV
● FCC ± 9(exp )4(PDF) MeV

High precision for W-boson mass
● CC kinematics fully constraint by measurement

-> no missing ET needed 
-> IS photon tagging would be crucial 

● PDF (QCD) uncertainties are small

HERA prospects ('87)
m

W 
~ ± 80-100 MeV

Inner errors: exp. only
Outer errors: exp. + PDF

preliminary

± 15 MeV

preliminary

inner error bars: exp. only 
outer: exp.+pdf

20LHeC workshop, Orsay, June 2018 Daniel Britzger – EW physics at LHeC

Weak mixing angle sin2θ
w

bla

Weak mixing angle (sin2θ
w

lept.) measureable over wide kinematic range with ~0.3% 

precision at LHeC (FCC: ~0.2%)

PDG+LHeC prospects

LHeC

very preliminary estimate

electroweak physics, and αs

EW: see also talk by D. Britzger, LHeC and PERLE workshop, LAL-Orsay, June 2018

simultaneous pdf and EW fits
extraordinarily precise determinations of EW 

params.: NC vector and axial-vector 
light quark couplings, MZ, MW and 

sin2ϴW

αs to permille precision!

αs: PDG
LHeC

sin2ϴW

19



LHC-eh and FCC-eh go beyond HERA in energy, luminosity (and eA)  

unprecedented kinematic reach; 
accesses scales sensitive to BSM and Higgs;
precision electroweak; 
precise determination of all pdfs,
and αs to permille precision 

more work ongoing…
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summary
much of LHC and FCC programme is or will become pdf or αs limited
LHC pdf-constraining measurements available; widely exploited in modern pdf fits

electron-hadron colliders essential for future of high energy physics

nevertheless, pp constrains, it does not precisely determine pdfs

LHeC
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LHeC and FCC-eh
LHeC

FCC

LHeC (FCC-eh) complementary to, synchronous with, HL-LHC (FCC)

LHeC and FCC-eh
energy recovery LINAC
e-beam: 60 GeV
Lint ⇾ 1 ab-1

(M Klein, Rencontre du Vietnam, Sept 2017)

ep IP
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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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• !s is least known coupling constant            
precise !s needed to constrain GUT scenarios;             
for cross section predictions, including H; …

• measurements not all consistent         
• what is true central value and uncertainty?         
• !s(DIS) smaller than world average?

• LHeC: permille precision from QCD fit 
of inclusive NC and CC DIS (!s(DIS-jets)?)

• can challenge lattice QCD

(LHeC: NC+CC incl.; total exp. uncerts; independent of BCDMS) (G. Zanderighi, Moriond16; 
from C. Anastasiou et al, arXiv:1602.00695)

PDG
LHeC

Higgs XS

strong coupling !s from LHeC
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PDF+!s fit using LHeC simulated data 

~ 0.3% precision from LHeC

LHeC could resolve a > 30-year old puzzle:
!s consistent in inclusive DIS, versus jets?  

Voica Radescu |        |Washington, D.C. | 2015 

Strong coupling from FCC eh
! The much reduced PDFs impose better constraints on various SM and BSM parameters:!

!
! alphas small in DIS or high with jets?!

 !     [over 30 years old puzzle HERA couldn't solve]!
!

!
!

!
!
!
!
!
!
!
!
!
!
!
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~0.3 % precision from LHeC

PRELIM
IN

ARY

H1 and ZEUS

0

20

40

0.105 0.11 0.115 0.12 0.125 0.13

χ2 - χ
m

in

2 
   

 

NLO
inclusive + charm + jet data, Q2inclusive + charm + jet data, Qmin =  3.5 GeV2

inclusive + charm + jet data, Q2inclusive + charm + jet data, Qmin =  10 GeV2

inclusive + charm + jet data, Q2inclusive + charm + jet data, Qmin =  20 GeV2

0

20

40

0.105 0.11 0.115 0.12 0.125 0.13

χ2 - χ
m

in

2 
   

 

NLO
inclusive data only, Q2inclusive data only, Qmin =  3.5 GeV2

inclusive data only, Q2inclusive data only, Qmin =  10 GeV2

inclusive data only, Q2inclusive data only, Qmin =  20 GeV2

0

20

40

0.105 0.11 0.115 0.12 0.125 0.13

αs(MZ
2)

χ2 - χ
m

in

2 
   

 

NNLO
inclusive data only, Q2inclusive data only, Qmin =  3.5 GeV2

inclusive data only, Q2inclusive data only, Qmin =  10 GeV2

inclusive data only, Q2inclusive data only, Qmin =  20 GeV2

a)

b)

c)

Figure 63: ∆χ2 = χ2 − χ2min vs. αs(M
2
Z) for pQCD fits with different Q2min using data on (a)

inclusive, charm and jet production at NLO, (b) inclusive ep scattering only at NLO and (c)
inclusive ep scattering only at NNLO.

132

(M Klein, V Radescu) NC,CC
NC,CC+F2c

expected 0.1% precision when combined with HERA

strong coupling from LHeC
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lattice QCD

ep: per mille level  
(LHeC/FCC-eh combined 
with HERA)

ee: order per mille 
with an FCC-ee

arXiv:1512.05194
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No predictive power from current PDF determinations, no discrimination among models

unless dV
uV

x!1
���! k is built in the parametrization (CT14, CJ16, ABM12)

The EIC may measure the ratio Fn
2 /F p

2 with high accuracy, provided neutron beams
expected to be less prone to nuclear and/or higher twist corrections than fixed-target DIS

Complementary measurements from the LHC (DY) and (particularly) the LHeC (DIS)

Emanuele R. Nocera (Oxford) Unpolarized and polarized PDFs at an EIC November 14, 2016 20 / 33

LHeC
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d/u at large x

resolve long-standing mystery 
of d/u ratio at large x

d/u essentially unknown at large x
no predictive power from current pdfs; conflicting 
theory pictures;
data inconclusive, large nuclear uncerts.

with precision ep(n) data to v. large x 
no nuclear corrections; relax assumptions
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Figure 14: Simulations of FL measurements with the LHeC (red circles) compared with measurements at H1 (blue
squares), see text.

with more Silicon detector planes of higher acceptance and resolution and a hadronic backward
calorimeter which was basically absent on H1; iii) the increased electron beam energy implies that
high y may be achieved at larger scattered electron energy E

0. Both the improved detector and the
enlarged Ee will enable to reach highest y values at much reduced background.

A simulation had been performed for the LHeC CDR [5] which is illustrated in Fig. 14. In
order to be conceptually independent of the LHC operation, for the LHeC the electron beam energy
is lowered as opposed to HERA. The point-by-point precision is impressively improved, from at
best �FL ' ±0.1 � 0.2 with H1 to typically a 0.02 total uncertainty for the LHeC. Based on the
invaluable experience gained with H1 at HERA and on the design prospects for the LHeC and its ep
experiment, one can indeed be optimistic that Guido Altarelli’s wish for a precise determination of
FL will eventually be fulfilled. The simulated data, with their exceptional determinations of F2 and
FL, were used in a study, presented in the CDR, to illustrate the unique potential in discriminating
theory at small x.
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• CD = 7	TeV vs. HERA
– HIJK down by factor  ~20

– -ILM0 up by factor ~100

• CD = 50	TeV vs. 7	TeV
– HIJK down by factor  ~10

– -ILM0 up by factor ~10

2017-11-15 Wojtek Slominski - PDFs and Low x at LHeC/FCC-he WG  meeting 6

The grid shows suggested binning:
4 bins per order of magnitude

for each of 3, -0, 5

CO = 60	G1RCO = 60	G1R

p, e energies

⇠ =

9Electrons for the LHC-LHeC/FCC-eh and Perle workshop, LAL-Orsay, June 28, 2018
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DPDF accuracy: top contribution
Gluon DPDF error bands from the 5% simulations
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Top quark phase space region 
does not have big effect on 

the DPDF extraction

Electrons for the LHC-LHeC/FCC-eh and Perle workshop, LAL-Orsay, June 28, 2018

top quark phase space region 
does not have a big effect on 
the dpdf extraction

A. Stasto, LHeC and PERLE workshop, LAL-Orsay, June 2018



• W,Z and Drell-Yan distributions – sensitivity to valence quarks, strangeness, photon PDF
ATLAS peak W,Z data has already reached systematic uncertainties of ~0.5%, experimental 
improvement unlikely and this is already challenging NNLO calculations
The reach to lower x at 13,14,27TeV brings more theoretical challenges- need for ln(1/x) 
resummation- see arXIV:1710.05935
Off-peak Drell-Yan can still improve BUT low-mass brings the same low-x challenges.
This also affects the LHCb data
And high-mass requires good understanding of the NLO-EW corrections and photon PDF

• Inclusive, di-jet and tri-jet distributions------sensitivity to gluon
Already challenging theoretical understanding -NNLO is needed but scale choice is still an issue
• Top-antitop distributions –sensitivity to gluon
NNLO calculations already required, data can also improve (data consistency?)

Combinations of types of data and different beam energies –accounting for their correlations-
can help

For all of these below: precision of the data can improve
• W,Z +jets --------sensitivity to gluon- so far limited, can improve                          
• W,Z/γ +heavy flavour  -sensitivity to strangeness and intrinsic charm- can improve
• Direct photon-------sensitivity to gluon—studies needed

Summary: where can we improve in future?
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LHC pdf prospects

30

A.M. Cooper-Sarkar
HL/HE-LHC WS, CERN, Nov. 2017

… likely to bring incremental rather than dramatic improvements; 
more concrete studies underway in context of ongoing HL/HE-LHC workshop


