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History
The Science of PDFs

Simulations
LHeC vs current PDFs

Heavy Quarks
Strong Coupling
F2, FL and small x

Relation to LHC/FCChh



Thirty years ago

HERA discovers the rise of parton densities to low x

From MK Photon2009, slides and proceedingsFixed target muon and neutrino exps constrained F2,xg for x >0.01

Valence, Sea and xG
from CDHS

Gluon from BCDMS

Forty years ago

Early Deep Inelastic Scattering



title

HERApdf1.0, HERA I data taken before 2001: the beginning of the art of PDF extractions (thy and exp)



The value of the LHeC PDF programme

2007.14491,  chapter 3 on PDFs



Science Issues on PDFs and their Importance

2007.14491,  chapter 3 on PDFsIt needs the LHeC for its range and precision since PDFs are much
more than ”tools” to simulate LHC data and novel BSM effects at
high mass require external input to be correctly interpreted. This
involves a precision test of QCD factorisation, broken in diffraction.
ep and eA in one experiment at the LH(e)C resolve nuclear structure
with an extension by four orders of magnitude in kinematic range   

Ask Stan Brodsky if you want to 
really understand the richness 
and depth of parton dynamics 

8 PDF science topics



Simulation of NC and CC LHeC Data

Numeric calculation of cross section uncertainties
(J Bluemlein and MK, 1990), verified with H1 MCarlo

Simplest reconstruction methods (electron+mixed)
such that the uncertainties are overestimated , also
because the assumptions (left) will be conservative 

Simulated data sets: studied influence of luminosity, charge, polarisation. Also added s,c,b data to some fits

2007.14491,  chapter 3 on PDFs



An introduction to PDF Comparisons
Valence quarks (uv,dv) – non singlet, no Q2 evolution
Up is better known than Down and larger, p = uud
Valence densities peak at x 0.3 – equi-momentum distr.
and become very small at large x, dv/uv at x à 1 ??

Sea has Up and Down part, which HERA did not resolve.
Ubar = Usea + uv, same for down. The sea density
rises towards low x, as discovered at HERA. strange
is part of the light sea (?), c, b are heavy, t short lived.

The gluon density dominates at small x. It has a  valence
like  shape at Q0

2 and then evolves. pp àH at LHC
is dominantly gg fusion. Higgs is an example for why
one needs ep and pp (and ee). xg can precisely be 
only measured through the Q2 variation of the NC
cross section (F2 at smaller x). This requires a large
lever arm, i.e. high energy which is why LHeC can
provide xg and EIC not (so well).

The gluon density is independently measured by FL,
so dF2/dlnQ2 and FL are the ultimate quantities to 
determine the parton interactions at low x, such as gg

LHeC is to resolve ALL pdfs in uncovered range, p and A! 

Linear scale Logarithmic scale

HERAPDF2.0 for illustration



Valence Quarks (ratio to CT18) DownUp

Large differences of 20%-30%

PDF4LHC follows NNPDF..

Uncertainties and central
values are both uncertain

Note the huge variety in
LHC data sets included and
in the uncertainty treatment 

LHeC with initial data set
of 10 or 50fb-1 (yellow)
to resolve that. 

Full LHeC data precise to %
Lumi important only for hi x

Note the fit only considers
NC and CC data, unlike LHC
Fits which take ”everything” .

Update of plots from CDR 2007.14491
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 CT18
 NNPDF3.1
 MMHT2014
 ABMP16
 CJ15 (T=10)
 CJ15 (T=1.645)
 LHeC 50fb-1 e-, P=-0.8
 LHeC inclusive

The PDF ratio dV /uV at large x: F n
2 /F

p
2 at an EIC
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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

1

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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 NNPDF3.1
 CT18
 MMHT2014
 ABMP16
 CJ15 (T=10)
 CJ15 (T=1.645)
 LHeC 50fb-1 (1st 3 yrs)
 LHeC 1ab-1
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Valence Quarks and d/u at xà1

LHeC extends Q2 range, such 
that CC becomes precision tool 
and the need for deuteron data 
for this topic disappears.

Very high luminosity leads to 
Accurate data at x near to 1

Therefore, the LHeC (FCC-eh)
resolves long-standing mystery 
of the d/u ratio at large x

After 60 years of DIS:
d/u at large x still unknown 

- no predictive power from current 
pdfs; 

- conflicting theory pictures;
- data inconclusive as dF2 ~ 1/(1-x)
- large nuclear uncertainties



Sea
Quarks

Low log x ranges
for sea quarks

Fixed target -2..3
EIC -4
HERA             -5
LHeC              -6
FCC-eh           -7



Gluon Density

High x gluon uncertain by orders of magnitude
DIS even better when jets are involved (not here)

dF2/dlnQ2

∼𝛂s xg 

Small coupling
yields large xg

Low log x ranges
for gluon density

Fixed target -1..2
EIC -3
HERA             -4
LHeC              -5
FCC-eh           -6
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Strange Quark Density
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Figure 3.5: Simulation of the measurement of the (anti)-strange quark distribution, xs̄(x, Q
2), in charged

current e
�

p scattering through the t-channel reaction W
�

s̄ ! c. The data are plotted with full systematic
and statistical errors added in quadrature, mostly non-visible. The covered x range extends from 10�4

(top left bin), determined by the CC trigger threshold conservatively assumed to be at Q
2 = 100 GeV2,

to x ' 0.2 (bottom right) determined by the forward tagging acceptance limits, which could be further
extended by lowering Ep.

3.3 Parton Distributions from the LHeC1347

3.3.1 Procedure and Assumptions1348

In this section, PDF constraints from the simulation of LHeC inclusive NC and CC cross section1349

measurements and heavy quark densities are investigated. The analysis closely follows the one1350

for HERA as presented above.1351

The expectations on PDFs for the “LHeC inclusive” dataset, corresponding to the combination1352

of datasets D4+D5+D6+D9, are presented, see Tab. 3.2. These datasets have the highest sen-1353

sitivity to general aspects of PDF phenomenology. Since the data are recorded concurrently to1354

the HL-LHC operation they will become available only after the end of the HL-LHC. There-1355

fore, these PDFs will be valuable for re-analysis or re-interpretation of (HL-)LHC data, and for1356

further future hadron colliders.1357

In order that LHeC will be useful already during the lifetime of the HL-LHC, it is of high rele-1358

vance that the LHeC can deliver PDFs of transformative precision already on a short timescale.1359

Therefore, in the present study particular attention is paid to PDF constraints that can be ex-1360

tracted from the first 50 fb�1 of electron-proton data, which corresponds to the first three years1361

of LHeC operation. The dataset is labelled D2 in Tab. 3.2 and also referred to as “LHeC 1st run”1362

in the following.1363

Already the data recorded during the initial weeks of data taking will be highly valuable and1364

impose new PDF constraints. This is because already the initial instantaneous luminosity will1365

be comparably high, and the kinematic range is largely extended in comparison to the HERA1366

41

W

ν

s
c

s

x
-710 -610 -510 -410 -310 -210 -110

)2
 =

 1
.9

 G
eV

2
)(x

, Q
s

x(
s+

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
2 = 1.9 GeV2 distribution at Qss+

NNLO PDF (68% C.L.)

CT14

NNPDF3.0

MMHT2014

HERAPDF2.0_EIG

ATLASepWZ16_EIG

• strange pdf poorly known
• suppressed cf. other light quarks?
• ATLAS 2012: s ~ d,u??
• strange valence?             

direct sensitivity via charm tagging in Ws→c
(x,Q2) mapping of strange density for first time
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Figure 3.6: Simulation of the measurement of the charm quark distribution expressed as F
c

2 = e
2
c
x(c+ c̄)

in neutral current e
�

p scattering. The data are plotted with full systematic and statistical errors added
in quadrature, mostly invisible. The minimum x (left top bin) is at 7 · 10�6, and the data extend to
x = 0.3 (right bottom bin). The simulation uses a massless scheme and is only indicative near threshold
albeit the uncertainties entering the QCD PDF analysis are estimated consistently.

data. These initial analyses will provide the starting point for the LHeC PDF programme. It1367

may be recalled that the HERA I data period (1992-2000) provided just 0.1 fb�1 of data which1368

was ample for discovering the rise of F2 and of xg towards small x at low Q
2, and still today1369

these data form the most important ingredient to the combined legacy HERA data [43]. The1370

sets in Tab. 3.2 comprise D1, with 5 fb�1, still the tenfold of what H1 collected in 15 years, and1371

D3, which resembles D2 but has the electron polarisation set to zero.1372

Additional dedicated studies of the impact of s, c, b data on the PDFs are then also presented,1373

based on 10 fb�1 of e
�
p simulated data. Further important PDF constraints that would be1374

provided by measurements of FL and jets are not considered in the present study. These remarks1375

are significant in that they mean one has to be cautious when comparing the LHeC PDF potential1376

with some global fits: FL will resolve the low x non-linear parton interaction issue, see Sect. 4.2.3,1377

and jets are important to pin down the gluon density behaviour at large x as well as providing1378

a precision measurement of ↵s, Sect. 4.1.1379

To assess the importance of di↵erent operating conditions, the impact of datasets with: di↵er-1380

ing amounts of integrated luminosity (D1 vs. D4); positrons (D6 vs. D7); and with di↵erent1381

polarisation states for the leptons (D3 vs. D8) are also considered.1382

In the following, PDF fits are presented, which make use of the simulated data and NLO QCD1383

predictions. Fits in NNLO have been performed as a cross check. The analysis follows closely1384

the HERAPDF procedure (c.f. Sect. 3.1.2 and Ref. [43]). The parametric functions in Eqs. (3.1)1385

and (3.2) are used, and the parameterised PDFs are the valence distributions xuv and xdv, the1386

gluon distribution xg, and the xŪ and xD̄ distributions, using xŪ = xū and xD̄ = xd̄ + xs̄.1387

In total the following 14 parameters are set free for the nominal fits: Bg, Cg, Dg, Buv, Cuv,1388
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Figure 3.7: Simulation of the measurement of the bottom quark distribution expressed as F
b

2 = e
2
b
x(b+b̄)

in neutral current e
�

p scattering. The data are plotted with full systematic and statistical errors added
in quadrature, mostly invisible. The minimum x (left top bin) is at 3 · 10�5, and the data extend to
x = 0.3 (right bottom bin). The simulation uses a massless scheme and is only indicative near threshold
albeit the uncertainties entering the QCD PDF analysis are estimated consistently.

Euv, Bdv, Cdv, A
Ū
, B

Ū
, C

Ū
, A

D̄
, B

D̄
, C

D̄
. These fit parameters are similar to HERAPDF2.0,1389

albeit to some extent more flexible due to the stronger constraints from the LHeC. Note, the B1390

parameters for uv and dv, and the A and B parameters for Ū and D̄ are fitted independently,1391

such that the up and down valence and sea quark distributions are uncorrelated in the analysis,1392

whereas for HERAPDF2.0 xū ! xd̄ as x ! 0 is imposed. The other main di↵erence is that no1393

negative gluon term has been included, i.e. A
0
g = 0 but Dg 6= 0.1394

This ansatz is natural to the extent that the NC and CC inclusive cross sections determine1395

the sums of up and down quark distributions, and their anti–quark distributions, as the four1396

independent sets of PDFs, which may be transformed to the ones chosen if one assumes uv =1397

U �U and dv = D�D̄, i.e. the equality of anti– and sea–quark distributions of given flavour. For1398

the majority of the QCD fits presented here, the strange quark distribution at Q
2
0 is assumed to1399

be a constant fraction of D̄, xs̄ = fsxD̄ with fs = 0.4 as for HERAPDF, while this assumption1400

is relaxed for the fits including simulated s, c, b data.1401

Note, that the prospects presented here are illustrations for a di↵erent era of PDF physics, which1402

will be richer and deeper than one may be able to simulate now. For instance, without real data1403

one cannot determine the actual parameterisation needed for the PDFs. In particular the low x1404

kinematic region was so far unexplored and the simulated data relies on a simple extrapolation1405

of current PDFs, and no reliable data or model is available that provides constraints on this1406

region 5. The LHeC data explores new corners of phase space with high precision, and therefore1407

5It is expected that real LHeC data, and also the inclusion of further information such as FL, will certainly lead
to a quite di↵erent optimal parameterisation ansatz than was used in the present analysis. Though, it has been
checked that with a more relaxed set of parameters, very similar results on the PDF uncertainties are obtained,
which justifies the size of the prospected PDF uncertainties.
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Charm+BeautyQuarkDensities

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  

Top? also accessible (EG. G.R. Boroun, PLB 744 (2015) 142; 741 (2015) 197)

c,b
tagging
in NC à
Si tracker

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
arXiv:2007.14491

featured in Snowmass 𝝰s White Paper, 
arXiv:2203.08271

• achievable precision: 
×5–10 better than today

• LHeC simultaneous PDF+𝝰s fit:
• Δ𝝰s(MZ)[incl. DIS] = ±0.00022(exp+PDF)

• Δ𝝰s(MZ)= ± 0.00018 for incl. DIS together with ep jets

10D. Britzger – DIS2022 conference

Precision QCD
Strong coupling constant αs is one of the least known 
fundamental constants

 
 Jet production in Breit frame O(α→ s)
 → Proton internal dynamics (scaling)
 → Jet substructure and formation of hadrons

αs(MZ) from inclusive DIS

α
s
 from jet production (LHeC)

 → Fill gap between τ-deaycs and Z-pole & LHC
 FCC-eh with higher precision and larger range→

α
s
 seen as a benchmark parameter 

 A factor 10 more precise QCD measurements than nowadays possible→

• connects 𝛕-decays to Z-pole and beyond
• FCC-eh further increases precision and range

• 𝝰s from fits to ep jet production (LHeC)

• 𝝰s: least known coupling constant
• current state-of-the-art: δ𝝰s/𝝰s = 𝓞(1%)

11Snowmass2020 QCD D. Britzger– α
s
 with LHeC

Jet production in (NC) DIS – Breit frame

Jet cross sections in NC DIS
● Measured in Breit frame:    2 → 2 process:  Tp → jj

● Proportional to αs at leading-order

● NNLO predictions available (NNLOJET) for inclusive jet and dijet cross sections

ep jets:

https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/2203.08271


Resolution of Low x Parton Interaction Dynamics
Vary y through Ee to access FL independently of F2
Reaching high y requires small set of positron data

Simulation of FL at LHeC with full error correlation

Very high precision F2 to get Q2 derivative
Needs small luminosity only (large wrt HERA)

Theory: resummation, N3LO, BFKL type non linear gg dynamics
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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

�
m2

H
,↵s(µ

2
R
)
�

(1)

⇥

X

ij

Z 1

⌧

dx
x Lij

�
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x , µ

2
F

�
Cij

⇣
x,↵s(µ

2
R
), m2

H
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F

, m2

H

µ2

R

⌘
,

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

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

H
/s

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

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

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

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

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

Cij(x,↵s) = Cfo
ij (x,↵s)+�C lx

ij (x,↵s)+�Csx
ij (x,↵s), (2)

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

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

• effect of small x resummation on gg➙H cross section for LHC, HE-LHC, FCC 

• significant impact, especially at ultra low x values probed at FCC

arXiv:1802.07758, 1805.08785

Impactof LowxQCDDynamicsonppPhenomenlogy

(see also recent work on forward Higgs production, arXiv:2011.03193; other processes in progress)

https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1805.08785
https://arxiv.org/abs/2011.03193
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Side remark:
HERA data
Taking ended
In 2007, we
now elect(ed) 
new spokes..
15 years later.
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Some residual comments
With the LHeC the determination of the PDFs, quarks and gluons, will be put on a completely new base:

- Determination of all quark PDFs, including d/u, s, c, b
- Mapping of the gluon distribution from nearly 10-5 to x=1
- Determination of the strong  coupling to permille level

This puts severe requirements to detector design, precision and acceptance of tracking and calorimetry.

The e-h redundant reconstruction and the clean environment determine PDFs to (sub)% level.

The common treatment of PDF uncertainties at the LHC is indeed in contradiction to the observed diversity.

The LHeC provides much further insight to jets, photon, neutron, nuclear, Pomeron structure. 

LHeC is the most reliable way to clarify the dynamics at small x. Theory may  also provide N3 or N4LO framework 
to respond to LHeC precision.  DIS is the cleanest process to determine the nucleon substructure.

Almost all of the PDF program can be performed with ~ 100 fb-1. LHeC should operate eventually for
this program is a major boost to QCD, to the LHC facility and its physics potential (precision, Higgs,BSM)
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Impact of s, c, b
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impact of HQ data on LHeC pdfs
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strange

gluon, small x gluon, large x

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

dbar
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strange

gluon, small x gluon, large x

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

dbar

• 5+1 xuv, xdv, xUbar, xdbar, xsbar + xg (17)  • 4+1 xuv, xdv, xUbar, xDbar + xg (14)  


