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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
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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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Neutral Current:

F2

xF3

FL~ αs·g [NLO QCD]
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CC

flavour composition

e+: d   e-: u

W±e±

ν

High precision F2:
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valence
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σCC(e
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Charged Current:

F2 ~ 䌜㼛 (q+qbar)

dF2/dlnQ2 ~ αs·g

(high-y only)

Modified at high Q2 by Z propagator

HERA: extension in (x,Q2) by 2 orders of

magnitude cf. fixed target experiments

Measure σ  fit data  extract PDFs and EW
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Final States:
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σ ~ αs⋅g
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pp vs ep ?
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LHC data constrain pdfs, BUT 
do not 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: providing useful constraints in global 
fits and also interesting results (EG. non-

suppressed strange at x ~ 0.01 from ATLAS); must 
nevertheless be aware that it is not ep …

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 yrs, long before end of HL-LHC operation 

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

 CERN-ACC-2018-0037 

 

10 

 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 et al. 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 flavour 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

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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valence quarks from LHeC

large x crucial for HL/HE–LHC and FCC searches; also relevant for DY, MW etc.; 
and resolve long-standing mystery of d/u ratio at large x

u valence

precision determination, free from higher twist corrections and nuclear uncertainties

d valence

LHeC
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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 ≡ 1 year LHeC)

(with same parameterisation as LHeC fits)
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sea quarks

dv

gluon

uv
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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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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

small x also important for pp phenomenology, 
especially as collider energy increases, 

EG. arXiv:1802.07758

LHeCFCC-eh

LHeC
FCC-eh

see talk by A. Stasto

https://arxiv.org/abs/1802.07758
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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
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Q2 = 2 GeV2,i=1
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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
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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 = 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

x=0.0001

x=0.00025

x=0.00035

x=0.0005

x=0.001

x=0.0025

x=0.0035

x=0.005

x=0.01

x=0.012

x=0.018

x=0.025

x=0.040

x=0.055

x=0.08

Q
2
/GeV

2

a
n

ti
-s

tr
a
n

g
e 

d
en

si
ty

 [
3j ]

εc=0.1, bgdq=0.01

LHeC e
-
p  60*7000 GeV

2
  10 fb

-1

10
2

10
3

10
4

10
510

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

Q
2
/GeV

2

a
n

ti
-s

tr
a
n

g
e 

d
en

si
ty

 [
3j ]

εc=0.1, bgdq=0.01

LHeC e
-
p  60*7000 GeV

2
  10 fb

-1

10
2

10
3

10
4

10
510

-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

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%.

56

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
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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 flavour, CYAN vs YELLOW
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LHeC_4+1 full inclusive

gluon, large x
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LHeC_4+1 full inclusive
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strange

gluon, small x gluon, large x

s and b,c in addition to inclusive ep 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

https://arxiv.org/abs/1612.03016


other LHeC pdf studies
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M. Bonvini, F. Giuli

see also talk by L. Harland-Lang, for summary of Khalek et al., arXiv:1906.10127

ongoing study to understand pdf uncertainty dependence on:
• pseudo-data set choice
• parameterisation bias
• tolerance criteria

QCD fits using new, flexible parameterisation, arXiv:1902.11125

created new LHeC dataset starting from different input pdf

comparison of fits 
with LHeC vs HERA
data →
(remarkable uncertainty 
reduction, also when cf. modern 

global pdfs )
LHeC:

X2/dof = 1.22, good fit

see also poster in this WS for more

https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1902.11125
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summary of pdfs from ep
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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.

10

αs: PDG
LHeC

𝝰s is least known 
coupling constant

current measurements 
not all consistent!

accurate and precise 𝝰s 
needed:
to constrain GUT scenarios; 
for cross section predictions, 
including Higgs; …

PDG 2018: 
𝝰s = 0.1181 ± 0.0011
or 𝝰s = 0.1174 ± 0.0016
w/o lattice QCD, 1.4% uncertainty

arXiv:1206.2913,1211.5102

NEW updated studies performed and ongoing …

https://arxiv.org/abs/1206.2913
https://arxiv.org/abs/1211.5102
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αs from LHeC jets

Inclusive jets at LHeC
Inclusive jets in NC DIS
● Measured in Breit frame
● Proportional to αs at leading-order
● NNLO predictions available

Update for CDR2019
● New simulated pseudo-data
● Estimate of αs sensitivity

NEW LHeC 𝝰s studies using NC DIS jet 
(pseudo) data for the first time

NNLO calculations used for 𝝰s fit
methodology as for arXiv:1709.07251, 1906.05303

extraordinary experimental precision
scale uncertainty dominates; need improved theory 

𝝰s running tested over two orders of magnitude in μR ↓ 

Inclusive jets at LHeC
Inclusive jets in NC DIS
● Measured in Breit frame
● Proportional to αs at leading-order
● NNLO predictions available

Update for CDR2019
● New simulated pseudo-data
● Estimate of αs sensitivity

Inclusive jets at LHeC
Inclusive jets in NC DIS
● Measured in Breit frame
● Proportional to αs at leading-order
● NNLO predictions available

Update for CDR2019
● New simulated pseudo-data
● Estimate of αs sensitivity

509 double differential (in pT,Q2) points used

Breit Frame

δ𝝰s(MZ)= ± 0.00018 (exp.⊕pdf)

α
s
 with inclusive jets

αs(MZ) with inclusive jets
● double-differential pseudo-data with 509 data points
● NNLO predictions for αs-fit

● Improvement by factor 6 w.r.t. world average value
● (LHeC)-PDF uncertainties small

Test running of αs

● Fit to ranges of the pseudo-data
● Experimental uncertainty smaller than 1% over huge 

kinematic range

Scale/theory uncertainties
● NNLO scale uncertainties are dominant (not shown)
● Improved predictions, or other observables will be 

studied

δα
s
(M

Z
) = ±0.00013

(exp)
 ±0.00010

(PDF)
   =   ±0.00018

D. Britzger, J. Hessler, et al.
see poster

D. Britzger, J. Hessler et al.
see also poster in this WS

α
s
 with inclusive jets

αs(MZ) with inclusive jets
● double-differential pseudo-data with 509 data points
● NNLO predictions for αs-fit

● Improvement by factor 6 w.r.t. world average value
● (LHeC)-PDF uncertainties small

Test running of αs

● Fit to ranges of the pseudo-data
● Experimental uncertainty smaller than 1% over huge 

kinematic range

Scale/theory uncertainties
● NNLO scale uncertainties are dominant (not shown)
● Improved predictions, or other observables will be 

studied

δα
s
(M

Z
) = ±0.00013

(exp)
 ±0.00010

(PDF)
   =   ±0.00018

D. Britzger, J. Hessler, et al.
see poster

https://arxiv.org/abs/1709.07251
https://arxiv.org/abs/1906.05303
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pdf+αs fitsStrong coupling constant α
s
(m

Z
)

Strong coupling at LHeC

LHeC:  DIS
● Very high precision feasible 
● Significantly better than todays 

world average
● N3LO almost available
● 1 year of data taking already 

with high precision

LHeC: jets
● Highest precision achievable
● One magnitude more precise 

than todays measurement
● Test of running over 2 orders 

of magnitude
● Theory improvements needed

PDG 2016

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

1st Run

NNLO extractions

D. Britzger, J. Hessler et al.
see also poster in this WS

(value from previous slide)

0.11 0.115 0.12
)

Z
(Ms a

[2018] World average

LHeC DIS+jets
LHeC incl. jets

=50GeV)e (ELHeC incl. DIS 

HERA incl. jets
H1

MMHT
NNPDF
JR
BBG
ABMP
ABM

inner errors: exp. only
outer errors: exp+theo.

α
s
 with inclusive jets

αs(MZ) with inclusive jets
● double-differential pseudo-data with 509 data points
● NNLO predictions for αs-fit

● Improvement by factor 6 w.r.t. world average value
● (LHeC)-PDF uncertainties small

Test running of αs

● Fit to ranges of the pseudo-data
● Experimental uncertainty smaller than 1% over huge 

kinematic range

Scale/theory uncertainties
● NNLO scale uncertainties are dominant (not shown)
● Improved predictions, or other observables will be 

studied

δα
s
(M

Z
) = ±0.00013

(exp)
 ±0.00010

(PDF)
   =   ±0.00018

D. Britzger, J. Hessler, et al.
see poster

pdf+αs fit studies in progress (inclusive only, incl.+jets)
δ𝝰s sensitive to size of uncorrelated systematic uncertainty – studies underway…

(value from previous slide)

NNLO
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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, …)

much activity since CDR(s), on both LHeC and FCC studies, and work 
still ongoing…  (writing for LHeC CDR update in progress!)

NEW pdf studies presented for the LHeC
all critical pdf information can be obtained early from LHeC 1st Run  
(~50 fb-1 ≡×50 HERA; 3 years), in parallel with HL-LHC operation

ep colliders essential for full exploitation of pp machines
external precision pdf input; complete q,g unfolding; high luminosity, x ⟶ 1, s, c, b, (t); 
N3LO theory; small x; αs to extraordinary experimental precision; …

αs : order of magnitude improved experimental precision over “today” 



extras

30
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LHeC studies: 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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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

32

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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• LHeC does not need to rely on ‘usual’ constraint that ubar=dbar at small x, which may 
not be valid (all new QCD fits shown in this talk use an ‘unconstrained’ version)

d/u

xsea(x)

constrained (u=d) unconstrained

unconstrainedconstrained (u=d)

(old) LHeC pdfs with released assumptions
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(CC: σ(e±) scales as (1±P) ; NC: effects subtle; pol. asym. gives access to F2γZ, new quark combinations)
impact of polarisation on pdfs generally small (but pol. important for ew)
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FCC-eh (A): new preliminary simulation with 2 ab-1 polarised e– (NB, NO e+ yet; impact especially in dv)
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6904-3
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pdf luminosities

gg qq

√s = 14 TeV√s = 14 TeV

gq qqbar

5+1 
4+1 
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pdfs at Q=10 GeV

ubar splus

g d



PDFSense:   Kinematic Reach of LHeC (single flavor sample) 38

Sensitivity SF:
Correlation times 
the scaled residual: 

Different Kinematic Regions
LHeC Reach is  Crucial!!! PDFSense: B.-T. Wang, et al., 

Phys.Rev. D98 (2018) no.9, 094030

Tim Hobbs
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D. Britzger, J. Hessler et al.

α
s
 with inclusive jets

αs(MZ) with inclusive jets
● double-differential pseudo-data with 509 data points
● NNLO predictions for αs-fit

● Improvement by factor 6 w.r.t. world average value
● (LHeC)-PDF uncertainties small

Test running of αs

● Fit to ranges of the pseudo-data
● Experimental uncertainty smaller than 1% over huge 

kinematic range

Scale/theory uncertainties
● NNLO scale uncertainties are dominant (not shown)
● Improved predictions, or other observables will be 

studied

δα
s
(M

Z
) = ±0.00013

(exp)
 ±0.00010

(PDF)
   =   ±0.00018

D. Britzger, J. Hessler, et al.
see poster
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α
s
 from inclusive DIS

LHeC with Ee=50GeV

● Simultaneous determination of αs and PDFs

● Inclusive NC and CC DIS pseudo-data

Three scenarios
● 1st year data taking: e- with L~50fb-1

● 1st year data:  e- (L~50fb-1) and e+ with 1fb-1

● All data: 3 ab-1, e+ and e-, and low-E runs.

Uncertainty of αs

● With 1 year data: δαs(MZ) = 4 – 8 ‰

● With full data: δαs(MZ) = 2 – 3 ‰

→ Sizeable dependence on uncorrelated 
uncertainty complicates the estimate

Using inclusive jets in addition
● Inclusive jets will have superior sensitivity to αs

→ but likely larger theo. unertainties (to be studied)

1ab-1 e-, 10fb e+ + Low-E data
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α
s
 with inclusive jets

αs(MZ) with inclusive jets
● double-differential pseudo-data with 509 data points
● NNLO predictions for αs-fit

Study of uncertainties
● Even with more conservative uncertainty estimates δαs < 2‰

δα
s
(M

Z
) = ±0.00013(exp) ±0.00010(PDF)   =   ±0.00018

D. Britzger, J. Hessler et al.



impact of LHC on today’s pdfs
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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

up down

charm gluon

(NNPDF3.1 includes modern LHC data on W,Z+top+jets+ZPt)

arXiv:1706.00428

42updates to main global pdf fits, including more LHC data, expected soon

https://arxiv.org/abs/1706.00428
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.
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!
 NNPDF3.1 NNLO: includes jet data using NNLO 

evolution and NLO matrix elements, with scale 
variations as additional TH systematic error!

 The jet pT is always used as central scale choice!

 Also tried variants where ATLAS and CMS 2011 7 
TeV data included using exact NNLO theory!

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

 Only central bin of ATLAS data included - the large 
χ2  once all bins are included remains there once exact 
NNLO theory is used

Figure 55: Left: comparison of the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the
Z pT , top quark, or inclusive jet data have been removed. Right: same, now comparing with the NNPDF3.1 NNLO
fit where the ATLAS and CMS 7 TeV inclusive jet data have been treated using exact NNLO theory, from [169].

It is worth emphasising that until recently, the gluon at large-x was only constrained in the PDF fit by
inclusive jet production data, and to a lesser extent by DIS data via scaling violations. However, there are
now at least three datasets available with which constrain the large-x gluon, namely inclusive jets, the pT
distribution of Z bosons, and top quark di↵erential distributions. In all cases, NNLO calculations are now
available. To illustrate the robustness of the resulting gluon, in Fig. 55 (Left) we show a comparison of
the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the Z pT , top quark,
or inclusive jet data have been removed. We observe that the four fits agree within PDF uncertainties,
highlighting that these three families of processes have statistically consistent pulls on the large-x gluon.

Another consideration that is relevant for the determination of the large-x gluon in a PDF analysis are
the settings for the theoretical calculations used for the inclusive jet cross sections. Until 2016, only the
NLO calculation was available, and di↵erent groups treated jet data in di↵erent ways, either adding the
NLO scale errors as additional systematic uncertainties as in CT14 and NNPDF3.1, using the threshold
approximation to the full NNLO result as in MMHT14, or excluding jet data altogether as advocated by

106

MMHT

effect of  CMS top data

effect of  LHC+Tevatron jet data

effect of  LHC jet+top+ZPt

NNPDF3.1

jet, top quark pair, ZPt and 𝝲 measurements 
constrain gluon at medium and large x 
numerous studies from ATLAS, CMS, xFitter and global fitters 

NNLO QCD calculations now available in all cases

arXiv:1709.04922

arXiv:1711.05757

(LHCb forward charm and beauty 
COULD also help at small and large x? )

arXiv:1904.05237; 
see also ATLAS-PHYS-PUB-2018-017

arXiv:1711.05757

direct 𝝲 : arXiv:1802.03021

https://arxiv.org/abs/1709.04922
https://arxiv.org/abs/1904.05237
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-017/
https://arxiv.org/abs/1711.05757
https://arxiv.org/abs/1802.03021
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Figure 4.14: Same as Fig. 4.4 but now excluding all LHCb data. Results are presented, from top to
bottow, for the up, down and charm PDFs. Both PDFs (left) and uncertainties (right) are shown.

around x ' 0.3: in this region the PDF uncertainty is also substantially reduced; the reduction
in uncertainty is especially marked for the down PDF.

In order to see the impact of the LHCb data directly, in Fig. 4.15 we compare the 8 TeV
LHCb muon W

+ and W
� data to predictions obtained using NNPDF3.0 and NNPDF3.1. The

improvement is clear, particularly for large rapidities. There is also a noticeable reduction in
PDF uncertainty on the prediction.

4.6 W asymmetries from the Tevatron

W production data from the Tevatron have for many years been the leading source of information
on quark flavor decomposition. The final legacy D0 W asymmetry measurements in the electron
and muon channels are included in NNPDF3.1, superseding all previous data. In Fig. 4.16 we
perform a distance comparison between the default NNPDF3.1 and PDFs determined excluding
this dataset. Distances are generally small, an observation confirmed by direct PDF comparison
in Fig. 4.17. However, we have seen in Tab. 3.1 that the fit quality for this dataset is rather
better with NNPDF3.1 than with the previous NNPDF3.0. The moderate impact of this dataset
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- Rates high in LHC terms 
- Known to NNLO (QCD) and NLO (EW) 
- Flavour sensitive through shapes … has 
shown that strange sea is too small in most 
PDF sets  
-  In principle sensitive to valence (q-qbar) 
-  LHCb have been extended studies to  
forward region (i.e. lower / higher x)  

12 

LHC: large x quarks and flavour separation

44

effect of  LHCb W,Z data

electroweak gauge boson measurements give information 
on quark and anti-quark flavour separation

HM DY gives access to large x (also sensitive to proton’s 𝝲 pdf)
LHCb measurements extend to forward region (small & large x)
W,Z & W+c also sensitive to strange pdf

arXiv:1706.00428

Z, 𝝲*, W

R. Thorne, DIS19

numerous studies from ATLAS, CMS, xFitter and global fitters, using combinations of: 
W,Z including HM & LM DY; W+c; and most recently W+jets [ATLAS-PHYS-PUB-2019-016] 

effect of  ATLAS W,Z data

https://arxiv.org/abs/1706.00428
https://indico.cern.ch/event/749003/timetable/?view=standard
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/


LHC datasets used in NNPDF3.1
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arXiv:1706.00428

https://arxiv.org/abs/1706.00428


46slide from R Thorne, DIS19 arXiv:1711.05757

https://arxiv.org/abs/1711.05757


47slide from R Thorne, DIS19 arXiv:1711.05757

ATLAS (CMS)

https://arxiv.org/abs/1711.05757


gluon at small x matters
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• recent evidence for onset of BFKL dynamics in HERA inclusive data 
arXiv:1710.05935; confirmed in xFitter study, arXiv:1802.00064

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

gg lumi
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effect of small x resummation
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FIG. 1. All-order e↵ects on the Higgs cross section computed at N3LO, as a function of
p
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
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)
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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

effect of small x resummation on ggH cross section 
impact on other EW observables could be as large 

https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/1802.00064


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

https://arxiv.org/abs/1710.05935
https://arxiv.org/abs/1802.04317
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50M. Klein, arXiv:1802.04317
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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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