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How well do we know PDFs today ?
This is best evaluated in terms of parton-parton
luminosities, which are the convolution of the purely 
partonic part of the sub-process cross-section.
The quark-antiquark and gluon-gluon luminosities for 
various PDFs are compared here for 13 TeV LHC 
running in terms of the centre of mass energy of the 
parton sub- process MX

So for Drell-Yan production of W or Z at Mx ~80,90 GeV
Or for gluon-gluon production of Higgs at Mx~125 GeV
the parton-parton luminosities are fairly 
well known
• This is not so for higher mass BSM particles where 

we need improved PDFs at high-x
• It is also not so for low-scales/ low-x where we may 

learn more about QCD in the non-linear regime
• We also need to know PDFs better in the regiosn

where they are best known today in order to 
reduce the uncertainty on precision SM 
measurements like MW and sin2θW
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How could one improve knowledge?

LHeC and FCC-eh

energy recovery LINAC

e beam: up to 60 GeV

Lint ⟶ 1 ab-1  (1000× HERA ; per 10 yrs)

operating synchronously :

• with HL-LHC (or HE-LHC)                              

p: 7 (14) TeV, √s ≈ 1.3 (1.8) TeV

• and/or later with an FCC (A)         

p: 50 (20) TeV, √s ≈ 3.5 (2.2) TeV

The	Far	Future	of	CERN	

A	Design	Study	of	a	joint	electron-positron,	hadron-hadron	and	electron-hadron	complex	
Most	recent	FCC	workshop:	Amsterdam,	April	2019.						Conceptual	Design	Report:	1/19	
Key:	100	TeV	pp	collider	housed	in	a	100	km	tunnel,	suitable	for	ee.	and	adjacent	ep.	
	
CERN	has	also		been	pursuing	a	linear	ee	collider	design,	CLIC,	with	energy	up	to	3	TeV	

e	ERL	

☨ FCC (A): a lower energy configuration that could operate 

earlier, in an FCC tunnel, using current magnet technology
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Kinematic coverage
The LHeC option represents an increase 
in the kinematic reach of Deep Inelastic 
Scattering and an increase in the 
luminosity ~500 fold
• This represents a tremendous 

potential for the increase in the 
precision of Parton Distribution 
Functions 

• And the exploration of a kinematic 
region at low-x where we learn more 
about QCD- e.g. is there gluon 
saturation?

• Precision PDFs are needed for BSM 
physics and electrweak precision

But can’t we get precision PDFs from the LHC itself?
Future projections suggest we may get some way towards it.
But future projections live in an ideal world where many different types of data from the LHC 
have completely well understood systematics, well understood correlations and no 
inconsistencies.
The single consistent data set of deep inelastic scattering at an LHeC is a tried and tested reliable 
way to achieve this- and a future DIS machine would be better than HERA
Plus there are questions of timing……
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50 fb-1 can be achieved in 3years before LS5 and long before the end of HL-LHC running

Timelines

(HERA total 1 fb -1  in 15 years, 2 expts)



Where does the information come from?
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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		

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

NC/CC – 0 1

NEW: LHeC simulations (e: 50 GeV*, p: 7 TeV☨) simulation: M. Klein

*corresponds to possibility of smaller ERL cf. previous 60 GeV simulations      ☨except for low-E

various combinations studied; 

shown frequently in following slides:

LHeC 1st Run

(50 fb-1 e– only; 3 yrs)
LHeC full inclusive

polarisation
(important for EW)

low-E (p: 1 TeV)

QCD analysis a la HERAPDF2.0, except more flexible, notably in 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 strange and HQ included; 17 free parameters)
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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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Impact of luminosity on PDFs
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Impact of positrons on PDFs
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And why do we want to improve high-x gluon  and quarks?
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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 low x QCD: 

DGLAP vs BFKL; non-linear evolution; 

gluon saturation; implications 

for ultra high energy neutrino cross sections

LHeCFCC-eh

LHeC
FCC-eh



gluon at small x
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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

confirmed in xFitter study, arXiv:1802.00064



2

0.98

1

1.02

1.04

1.06

1.08

1.1

7 8

1
3

1
4

2
7

1
0

1
0
0

f.o. PDFs: NNPDF31sx_nnlo_as_0118

res PDFs: NNPDF31sx_nnlonllx_as_0118

band: PDF uncertainty

mH = 125 GeV

µF = µR = mH/2
ra

ti
o

to
N

3
L
O

√s [TeV]

ggH production cross section --- effect of small-x resummation

N
3
LO, f.o. PDFs

N
3
LO, res PDFs

N
3
LO+LLx, res PDFs

0.98

1

1.02

1.04

1.06

1.08

1.1

7 8

1
3

1
4

2
7

1
0

1
0
0

f.o. PDFs: NNPDF30_nnlo_disdytop

res PDFs: NNPDF30_nnll_disdytop

band: PDF uncertainty

mH = 125 GeV

µF = µR = mH/2

ra
ti
o

to
N

3
L
O

√s [TeV]

ggH production cross section --- effect of large-x resummation

N
3
LO, f.o. PDFs

N
3
LO, res PDFs

N
3
LO+N

3
LL, res PDFs

FIG. 1. All-order e↵ects on the Higgs cross sect ion computed at N3LO, as a funct ion of
p

s. The plot of the left shows the
impact of small-x resummat ion, while the one of the right of large-x resummat ion. The bands represent PDF uncertaint ies.

small-x [89]. This opens up the possibility of achieving

fully consistent resummed results. While we present ly

concent rate on the Higgs product ion cross sect ion, our

technique is fully general and can be applied to other

important processes, such as the Drell-Yan process or

heavy-quark product ion. We leave further phenomeno-

logical analyses to future work.

Let us start our discussion by int roducing the factor-

ized Higgs product ion cross sect ion
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where σ0 is the lowest -order partonic cross sect ion, L i j

are parton luminosit ies (convolut ions of PDFs), Ci j are

the perturbat ive partonic coefficient funct ions,⌧= m2
H
/ s

is the squared rat io 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 renormalizat ion and factorizat ion scalesµR , µF . More-

over, because the Higgs couples to the gluon via a heavy-

flavor loop, (1) also implicit ly depends on any heavy vir-

tual part icle mass.

The general method to consistent ly combine large-

and small-x resummat ion of partonic coefficient funct ions

Ci j (x, ↵s) was developed in [85]. The basic principle is

the definit ion of each resummat ion 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 observat ion is that while in momen-

tum (x) spacecoefficient funct ionsaredist ribut ions, their

Mellin moments are analyt ic funct ions of the complex

variable N and therefore, they are (in principle) fully de-

termined by the knowledge of their singularit ies. Thus,

high-energy and threshold resummat ions are consistent ly

combined if they mutually respect their singularity st ruc-

ture. In [85], where an approximate N3LO result for Ci j

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

thedefinit ion of the large-x logarithms from threshold re-

summat ion was improved in order to sat isfy the desired

behavior, and later this improvement was extended to

all orders in [45], leading to the so-called  -soft resum-

mat ion scheme. Thanks to these developments, double-

resummed partonic coefficient funct ions can be simply

writ ten as the sum of three terms [90]

Ci j (x, ↵s) = C fo
i j (x, ↵s)+ ∆ C lx

i j (x, ↵s)+ ∆ Csx
i j (x, ↵s), (2)

where the first term is the fixed-order calculat ion, the

second one is the threshold-resummed  -soft contribu-

t ion minus its expansion (to avoid double count ing with

the fixed-order), and the third one is the resummat ion of

small-x cont ribut ions, again minus its expansion. Note

that not all partonic channels cont ribute to all terms

in (2). For instance, the qg cont ribut ion 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 cont ribut ions. The fixed-order piece is

N3LO [18–22], supplemented with the correct small-x be-

havior, as implemented in the public code ggHi ggs [49,

85, 91]. Threshold-enhanced cont ribut ions 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

resummat ion we consider the resummat ion of the lead-

ing non-vanishing tower of logarithms (here LLx) to the

coefficient funct ions [62, 83], which we have now imple-

mented in the code HELL [86, 87]. The technical details of

the implementat ion will be presented elsewhere [92]. Our

calculat ion keeps finite top-mass e↵ects where possible.

In part icular, in the fixed-order part they are included

gluon at small x matters

14

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

• 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:	F2

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	
LH

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	

mc(mc)/GeV	 1.26	 ?	

δ(exp)	 0.05	 0.003	

δ(mod)	 0.03	 ~0.002	

δ(par)	 0.02	 ~0.002	

δ(αs)	 0.02	 0.001	

Determination	of	charm	mass	to	3	MeV:	
crucial	for	MW	in	pp	or	Hà	cc	in	ep	
cf	also	NNPDF3.1	(arXiv:1706.00428)	and	refs	
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strange

LHeC: direct sensitivity to 

strange via W+s → c

(x,Q2) mapping of (anti) strange 

for first time

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
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strong coupling, αS (MZ)
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αs: PDG

LHeC

𝝰s is least known 

coupling constant

precise 𝝰s needed: 

to constrain GUT 

scenarios; for cross 

section predictions, 

including Higgs; …

LHeC: permille 

precision possible in 

combined QCD fit for 

pdfs+𝝰s

PDG2018: 

𝝰s = 0.1174 ± 0.0016
(w/o lattice QCD, 1.5% uncertainty)
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LHeC beats HL-LHC for electroweak
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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, …)

NEW pdf studies presented (all work in progress)

Deep inelastic scattering e-p colliders essential for full exploitation

External precision pdf input; complete q,g unfolding, high luminosity x ⟶ 1, s, c, b, (t); 

N3LO; small x; strong coupling to permille precision; …

LHeC, PERLE and FCC documents submitted to european

strategy update 

Next steps: ongoing parallel and complementary studies EG. 

arXiv:1906.10127; major new summary paper later this year

All critical pdf information can be obtained early with LHeC (~50 fb-1 ≡×50 HERA), in 

parallel with HL-LHC operation

studies for potential new collider configurations underway



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

ep colliders

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 𝝰s)

FCC-eh: further future ep (eA) 

collider, integrated with FCC; 

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

(further kinematic extension wrt LHeC)

EIC
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“FCC-eh (A)”: √s= 2.2 TeV

FCC-eh: 

√s= 3.5 TeV
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QCD fit parameterisation

QCD fit ansatz based on HERAPDF2.0, with following differences

much more relaxed sea ie. no requirement that ubar=dbar at small x

no negative gluon term (simply for the aesthetics of ratio plots – it has been 

checked that this does not impact size of projected uncertainties) 

4+1 pdf fit (above) has 14 free parameters

5+1 pdf fit for HQ studies parameterises dbar and sbar separately, 

and has 17 free parameters
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arXiv:1810.03639 + 1906.10127 

PDF4LHC15 profiled with LHeC inclusive+HQ and HL-LHC simulated data



FL at LHeC

27M. Klein, arXiv:1802.04317



gluon at small x
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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

see also M. Klein, arXiv:1802.04317

F2
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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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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.



Why are we interested in the high-x sea?-one example

Current BSM searches in High Mass Drell-Yan are limited by high-x antiquark  

uncertainties as well as by high-x valence uncertainties

31
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Collider configurations


