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pdfs poorly known at large and small x 
higher precision needed also for H, W, t

pdf luminosities (LHC@14TeV)

current data 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, …

pdfs: the situation today
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why large x pdfs matter at the LHC

BSM searches at high scales limited by (lack of) knowledge of large x pdfs

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	

arXiv:1211.5102

many interesting processes at LHC are 
gg initiated – top; Higgs; BSM, EG. 
gluino pair production, LQs etc.; … current BSM searches at high mass also 

limited by large x valence and sea quark 
uncertainties

pdf uncertainty dominates

arXiv:1707.02424

https://arxiv.org/abs/1211.5102
https://arxiv.org/abs/1707.02424
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and other LHC measurements…

7

Why better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements
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ATLAS MW, arXiv:1701.07240
CMS sin2𝞋W, arXiv:1806.00863

BLUE: vary sin2𝞋eff for fixed pdf
ORANGE: NNPDF3.0 pdf uncertainty for fixed sin2𝞋eff

… such as precision MW, sin2𝞋W (where small discrepancies may indicate BSM physics) 
and Higgs, are also limited by pdf uncertainties at medium x, where we know 
pdfs best!

AFB: forward-backward asymmetry

https://arxiv.org/abs/1701.07240
https://arxiv.org/abs/1806.00863


ep collider configurations
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LHeC: √s= 1.2 – 1.3 TeV
×100–1000 HERA lumi.

EIC

“FCC-eh (A)”: √s= 2.2 TeV

FCC-eh: 
√s= 3.5 TeV

LHeC CDR, arXiV:1206.2913

FCC CDR, volume 1, 
EPJ C79 (2019), no.6, 474

LHeC
Ep: 7 TeV (or more, with a HE-LHC)

FCC-eh
Ep: 50 TeV

or possible earlier FCC 
configuration,

Ep: 20 TeV

LHeC and FCC-eh
ERL, Ee: ⟶ 60 GeV

https://arxiv.org/abs/1206.2913
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3


kinematic coverage

6

opportunity for 
unprecedented 
increase in DIS 

kinematic reach; 
×1000 increase in lumi. 

cf. HERA

no higher twist, 
no nuclear corrections, 

free of symmetry 
assumptions, 

N3LO theory possible, 
…

precision pdfs up 
to x→1, 

and exploration of 
small x regime; 
plus extensive 

additional physics 
programme

⨉15/120 extension in Q2,1/x reach vs HERA

Physics	with	Energy	Frontier	DIS	

Raison(s)	d’etre	of	the	LHeC	
	
	
Cleanest	High	Resolution		
Microscope:	QCD	Discovery	
	
Empowering	the	LHC		
Search	Programme	
	
Transformation	of	LHC	into	
high	precision	Higgs	facility	
	
Discovery	(top,	H,	heavy	ν’s..)		
Beyond	the	Standard	Model	
	
A	Unique		
Nuclear	Physics	Facility	

Max	Klein	Kobe	17.4.18		



pdfs from LHeC or FCC-eh
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pp vs ep ?
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LHC data constrain pdfs;
BUT don’t precisely determine them

(slide based on one 
from M. Klein)
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Figure 4.27: Same as Fig. 4.4 but now excluding all LHC data. Results are shown for the up (top left),
down (top right), charm (bottom left) and gluon (bottom right) PDFs.

variant of the NNPDF3.1 NNLO default PDF determination in which all deuterium data are
corrected using the same nuclear corrections as used by MMHT14 (specifically, Eqs. (9,10) of
Ref. [7]).

In terms of fit quality we find that the inclusion of nuclear corrections leads to a slight
deterioration in the quality of the fit, with a value of �

2
/Ndat = 1.156, to be compared to

the defaut �
2
/Ndat = 1.148 (see Table 3.1). In particular we find that for the NMC, SLAC,

and BCDMS data the values of �
2
/Ndat with (without) nuclear corrections are respectively

0.94(0.95), 0.71(0.70), and 1.11(1.11). Therefore, the addition of deuterium corrections has no
significant impact on the fit quality to these data.

The distances between PDFs determined including deuterium corrections and the default are
shown in Fig. 4.30. They are seen to be moderate and always below the half-sigma level, and
confined mostly to the up and down PDFs, as expected. These PDFs are shown in Fig. 4.31,
which confirms the moderate e↵ect of the deuterium correction. It should be noticed that the
PDF uncertainty, also shown in Fig. 4.31, is somewhat increased when the deuterium corrections
are included. The relative shift for other PDFs are yet smaller since they are a↵ected by larger
uncertainties, which are also somewhat increased by the inclusion of the nuclear corrections.

In view of the theoretical uncertainty involved in estimating nuclear corrections, and bearing
in mind that we see no evidence of an improvement in fit quality while we note a slight increase
in PDF uncertainties when including deuterium corrections using the model of Ref. [7], we
conclude that the impact of deuterium corrections on the NNPDF3.1 results is su�ciently small
that they may be safely ignored even within the current high precision of PDF determination.
Nevertheless, more detailed dedicated studies of nuclear corrections, also in relation to the
construction of nuclear PDF sets, may well be worth pursuing in future studies.

61

cf. ep
• complete q,g unfolding at all x
• 𝝰s to order permille precision (not in pp)
• clear theory (EG. N3LO, scale choice, hadronisation) 
• strong effects from Q2 variation (which cannot 

come from EG. W, Z at Q2=104 GeV2)
• HQ separation: s,c,b,t
• understanding of small x dynamics, EG. 

BFKL, saturation, … (comes from F2 and FL)
• gives external precision input for QCD 

subtleties (EG. factorisation, resummation), and for 
subtle discoveries

• single DIS dataset a tried and tested 
reliable way to achieve precision (𝝙𝝬2=1; 
cf. current LHC measurements; issues understanding 

systematics, correlations, data inconsistencies, …)

arXiv:1706.00428

pp: we can and should try; currently we 
have nothing else; also interesting results 
(EG. non-suppressed strange at x ~ 0.01 from 

ATLAS); future prospects studied; must 
nevertheless be aware of limitations …

see also talk by L. Harland-Lang

https://arxiv.org/abs/1706.00428


… plus, issues of timing?

950 fb-1 (×50 HERA) achievable by LHeC in 3 years, long before end of HL-LHC running 

Machine Parameters and Projected Luminosity 
Performance of Proposed Future Colliders at CERN 

 CERN-ACC-2018-0037 
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 Run Plan and Expected Performance 

Assumptions and expected luminosity performance for three LHeC data-taking periods are compiled in 
Table 8. The projected cumulative luminosity evolution of LHeC is illustrated in Figure 3.  

Three running modes are distinguished: 

1. LHeC during LHC Run 5: initial operation concurrent to pp, yielding 50 fb−1. The 
peak luminosity is 100 times higher than for HERA, and collisions occur at higher 
energies. This run will address SM precision physics, PDFs, etc. 

2. LHeC during LHC Run 6: design operation concurrent to pp, adding another 175 fb−1 
3. A final LHeC run in dedicated operation without pp adds a further 650 fb−1, and 

brings the total integrated luminosity close to 1 ab-1. This is the era of high-precision 
Higgs physics and rare processes. 

Other short runs (a few fb−1) at low electron energy and three months for eA are not yet scheduled. 
In addition, runs at lower proton energy could be of interest. For each period, it is assumed that in year 
1, the machine will operate at only half of the peak luminosity.  
 
 

Table 8: Parameters and expected performance for the LHeC data-taking periods. 

 
 
 

 
Figure 3: Projected LHeC cumulative integrated luminosity. 

 

F. Bordry arXiv:1810.13022

circa 2030 

LHeC projected Integrated Luminosity:

today

LHeC: first 3 yrs: Lint ~ 50 fb-1

total: Lint ⟶ 1 ab-1

end of HL-LHC

https://arxiv.org/abs/1810.13022
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since the LHeC (arXiV:1206.2913) and FCC (vol1, EPJ C79 (2019), no.6, 474) CDRs, 
many additional studies, with updated running scenarios etc.

LHeC and FCC-eh pdfs WG

10

https://indico.cern.ch/category/1874/

everyone is welcome!

https://arxiv.org/abs/1206.2913
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3
https://indico.cern.ch/category/1874/


PDFSENSE: tool for quickly quantifying potential impact of experimental (pseduo)data 11

LHeC
large-(x,Q2) 
crucial for BSM 

searches

small-x
crucial for 
saturation

“sensitivity” Sf
= Correlation ×
scaled residual

LHeC sensitivity to pdfs

Tim Hobbs

B.-T. Wang et al. 
arXiv:1803.02777

single flavor example

enormous 
sensitivity 
in regions 
currently 

poorly 
constrained

https://arxiv.org/abs/1803.02777


uncert. assumptions: 
elec. scale: 0.1% 
hadr. scale 0.5%

radcor: 0.3% 
𝝲p at high y: 1%

uncorrelated uncert.: 0.5%
CC syst.: 1.5%

luminosity: 0.5%

LHeC simulated data and QCD fits

12

QCD analysis a la HERAPDF2.0, except more flexible, most notably in that NO 
constraint requiring dbar=ubar at small x; 

4+1 xuv, xdv, xUbar, xDbar and xg (14 free parameters, cf. 10 by default in CDR)
5+1 xuv, xdv, xUbar, xdbar, xsbar and xg (if HQ included; 17 free parameters)

dataset e charge e pol. lumi (fb-1)
NC/CC – –0.8 5,50,1000 luminosity

NC/CC + 0 1,10 positron

NC/CC – 0 50
NC/CC – +0.8 10,50

NEW: LHeC simulations (e: 50 GeV*, p: 7 TeV)

polarisation
(important for EW 

physics)

simulation: M. Klein

*corresponds to possibility of smaller ERL cf. previous 60 GeV simulations

various combinations studied; 
shown frequently in next slides:

LHeC 1st Run
(50 fb-1 e– only; 3 yrs)

LHeC full inclusive
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valence quarks from LHeC

large x crucial for HL/HE–LHC and FCC searches; also relevant for DY, MW etc.

u valence

precision determination, free from higher twist corrections and nuclear uncertainties

d valence

LHeC
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The PDF ratio dV /uV at large x: F n
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p
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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
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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 
uncertainties
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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 (×50–1000 HERA); 
fully constrained quark pdfs; small 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

LHeC
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sea quarks

dv

gluon

uv
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(1st Run)

large x (≡ large Q2), gain from increased Lint; still, early massive improvement cf. today
small and medium x quickly constrained (5 fb-1 ≡ ×5 HERA ≡ 1st year LHeC)

(with same parameterisation as LHeC fits)
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17

sea quarks
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CC: e+ sensitive to d; NC: e± asymmetry gives xF3γZ, sensitive to valence

impact, mainly for d



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	
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empowering LHC searches

gluons at large x
SUSY (RPC, RPV), LQs, …

quarks at large x
exotic and extra boson searches at high mass

external, reliable, precise pdfs needed for range extension and interpretation
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arXiv:1211.5102

LHeC

LHeC

https://arxiv.org/abs/1211.5102
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gluon at small x
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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 small x QCD: 
DGLAP vs BFKL; non-linear evolution; 

gluon saturation; implications 
for ultra high energy neutrino cross sections

LHeCFCC-eh

LHeC
FCC-eh see talk by A. Stasto
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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.

LHeC  F2
cc  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εc=0.1)

x

F 2cc
 x

 4
i

Q2 = 2 GeV2,i=1

Q2 = 4 GeV2,i=2

Q2 = 12 GeV2,i=3

Q2 = 20 GeV2,i=4

Q2 = 60 GeV2,i=5

Q2 = 200 GeV2,i=6

Q2 = 400 GeV2,i=7

Q2 = 1000 GeV2,i=8

Q2 = 10000 GeV2,i=9

Q2 = 50000 GeV2,i=10

HERA  combined data
LHeC   θc > 00

LHeC   θc > 20
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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

74

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 = 50 (HERA) to 3 MeV: impacts on αs, regulates ratio of charm to light, crucial for precision t, H
• δMb to 10 MeV; MSSM: Higgs produced dominantly via bb → A  

c, b quarks
	Charm:	F

2
cc	and	Mass	

													Heavy	Flavour	with	LHeC		
Beam	spot	(in	xy):	7μm	

Impact	parameter:	better	than	10μm	

Modern	Silicon	detectors,	no	pile-up	

Higher	E,	L,	Acceptance,	ε,	than	at	HERA		

à	Huge	improvements	predicted	
L
H
e
C
	C
D
R
	a
rX
iv
:1
2
0
6
.2
9
1
3
	

HERA	0.0005/2.5	..	0.05/2000	GeV2	

LHeC	0.00001/1	..	0.2/200000	GeV2	

	

ε(c)	assumed	10%,	1%	light	background,	~3%	δ(syst)	

HERA	 LHeC	

m
c
(m

c
)/GeV	 1.26	 ?	

δ(exp)	 0.05	 0.003	

δ(mod)	 0.03	 ~0.002	

δ(par)	 0.02	 ~0.002	

δ(α
s
)	 0.02	 0.001	

Determination	of	charm	mass	to	3	MeV:	

crucial	for	M
W
	in	pp	or	Hà	cc	in	ep	

cf	also	NNPDF3.1	(arXiv:1706.00428)	and	refs	

arXiV:1206.2913

https://arxiv.org/abs/1206.2913
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strange
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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 
for first time

heavy&quark&flavour decomposition

18

• charm and&beauty
• FCC+eh far&more&precise&and&kinematically
extended&measurements&c.f.&HERA&&&&&&&&&&&&&&&&&&&&&&&&
(no&pileupX&small&beam&spotX&modern&silicon&detectorsX&higher&energy,&
luminosity,&acceptance,&efficiency&than&HERA)

• heavy%quark%densities%and%treatment%(scheme)%of%heavy%flavour very%
important%for%QCD,%electroweak%and%Higgs%interpretations

• top%PDF also&possible!!

• δMc =&O(50)&MeV&(HERA)&improved&by&more&than&⨉10&(δMc(b)&=&3(10)&MeV&from&LHeC studies):&
impacts&on&αs, regulates&ratio&of&heavy&quark&to&light,&crucial&for&MW,&H⟶cc(bb),&…&&&&&&&&&&&&&&&&&&&&&&&&
c.f.&also&NNPDF3.1&(arXiv:1706.00428)&and&refs

at&high&Q2 top%becomes&light
ep&future&colliders&open&up&new&
field&of&research&for&top&PDFs!example&studies&in&context&of&LHeC:&

G.R. Boroun, Phys Lett B744 (2015) 142
G.R. Boroun, Phys Lett B741 (2015) 197

s s
c–

G.R. Boroun, PLB 744 (2015) 142
G.R. Boroun, PLB 741 (2015) 197 

also top PDF!
top quark becomes 
light at large Q2: new 
field of research 
opens for top PDFs!

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

https://www.sciencedirect.com/science/article/pii/S0370269315002142?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269314009204?via%3Dihub


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

Fr
ac

tio
na

l u
nc

er
ta

in
ty

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

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

Fr
ac

tio
na

l u
nc

er
ta

in
ty

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

x
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fr
ac

tio
na

l u
nc

er
ta

in
ty

0.4

0.6

0.8

1

1.2

1.4

1.6

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

Fr
ac

tio
na

l u
nc

er
ta

in
ty

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

22

strange

gluon, small x

more flexible parameterisation (5+1): xuv, xdv, xU, xd, xs and xg

dbar

pdf flavour separation
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LHeC_4+1 full inclusive

ep inclusive alone cannot precisely separate flavor, cf. YELLOW vs CYAN
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gluon, large x
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strange

gluon, small x gluon, large x

addition of s and b,c data gives flavour separation!

dbar

impact of HQ data on LHeC pdfs



Vcs
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|cs|V
0.8 0.85 0.9 0.95 1 1.05

ν K l →D 

ν l → sD

NNPDF1.2

ATLAS-epWZ16
inner uncertainty: exp only
outer uncertainty: total

ATLAS CKM fit

HERA+ATLAS ⟶ Vcs
expect much better precision from LHeC or FCC-eh (⨉10 or more)

ATLAS coll., arXiv:1612.03016



Compare with:
CT14nnlo
HERA Data
NNPDF31sx

… ongoing study to understand 
PDF uncertainty dependence on:

l tolerance criteria
l parametrization bias
l pseudo-data set choice
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CG: this is slide Fred 
gave me to summarise
other work – will 
probably revamp, or 
summarise in the 
summary instead?



placeholder for Daniel’s αs stuff 
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summary of pdfs from ep
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summary

precision determination of quark and gluon structure of proton and αs 
of fundamental importance for future hadron collider physics programme (Higgs, BSM, …)

BLAH BLAH, need to finish this…


