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Why an LHeC? Many reasons

One of them is to improve precision of proton PDFs

Today PDFs from each of the big groups CT, MSHT, NNPDF are each heading 

towards percent level precision BUT the differences between them are at the few 

percent level– even in the ‘well-known’ central x region

This is not good enough if we aim to find deviations from the SM in the deviations of 

the values of SM parameters  MW, Sin2θW

What could help?

A precise new data set over a very wide kinematic range with consistent correlated 

systematics--- that’s what the LHeC could provide



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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A future DIS machine would be a vast 

improvement on HERA in both luminosity and 

kinematic reach



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 ep simulated data and QCD fits

3

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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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

Even if your specific interest is not in low-

x physics

do not be complacent in thinking that this 

region does not affect you…

PDFs are going to N3LO –

where the first of the BFKL (ln(1/x) 

resummation) terms matter..
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We now have N3LO predictions..

-----Well at least approximately
This has a significant  effect on the low-x 

gluon at low scales

And that translates to an effect on the low Mx region for the gluon-gluon luminosity 

BUT this also has a ‘knock-on effect’ on the luminosity in the Higgs region Mx =125 

GeV

Differing groups have different ways of implementing the aN3LO

For MSHT there is a 5% decrease in luminosity at the Higgs mass, for NNPDF this is 

more like 2%... BUT either way there is a significant difference

BEWARE of low-x effects!!



Full ln(1/x) BFKL resummation
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gg lumi

effect of small x resummation on LHC luminosity
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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

effect of small x 

resummation on ggH

cross section for LHC, 

HE-LHC, FCC 

Effect of small x resummation on 

predictions for DIS F2 and FL

Prospects for FL measurement at LHeC
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But saturation effects will show 

up most strongly in heavy nuclei

And LHeC can also measure ePb

Pseudo data based on EPPS16 eA

analysis bring vast improvement in 

previously unmeasured kinematic 

ranges
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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 strange

strange pdf poorly known; 

how suppressed cf. other light 

quarks? s ≠ sbar ?

LHeC: direct sensitivity to 

strange via W+s → c

(x,Q2) mapping of (anti) strange 

for first time

also top PDF!

top quark becomes 

light at large Q2: new 

field of research 

opens for top PDFs!
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And there will be further information from jet production at 

the LHeC…… which will mostly contribute to the precision of the gluon PDF 

and thus to the determinations of strong coupling, αS (MZ)

14

αs: PDG

LHeC

precise 𝝰s needed: 

to constrain GUT scenarios; for 

cross section predictions, 

including Higgs; …

LHeC: permille precision 

possible in combined QCD fit 

for pdfs+𝝰s
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Summary

• PDF improvement is not just a matter of more data, consistency of data matters, 

consistency across a broad kinematic range is what LHeC/FEEeh offers

• A single team would analyse the whole kinematic region producing a consistent set of 

correlated systematic uncertainties----we have learnt our lessons at HERA

• This is also theoretically cleaner + less subject to new physics contamination at high 

scale

• Improvement in PDFs at high-x important for direct discoveries, improvement in high-

x gluon also brings improvement in αS(MZ)

• Improvement at middling x important for SM precision measurements like MW and 

sin2θW which may reveal BSM physics

• Improvement at low-x is necessary to be sure of this, but is interesting in its own right 

for studying QCD beyond DGLAP: BFKL resummation and saturation

• Saturation is stronger at eA

• The LHeC offers dramatic improvement for all of this (and more) and is 

complementary to the EIC 
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Backup
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Just in case you worry that a study of LHeC improvements based on a simple 

HERAPDF procedure may be optimistic. A study was done comparing future 

improvements from the HL-LHC to those from the LHeC in an ‘apples to apples’ 

manner. Profiling the PDF4LHC15 with HL-LHC pseudo-data or LHeC pseudo-data

With consistent tolerance T=3

Abdul Khalek et al

arXiv:1810.03639 

+ 1906.10127
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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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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.



21



22

Collider configurations
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