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LHeC and&FCCFeh
LHeC

FCC

LHeC (FCC+eh)&complementary&to,&synchronous&with,&HL+LHC%(FCC)

LHeC and&FCC+eh
energy&recovery&LINAC
eFbeam:&60&GeV
Lint ⇾ 1&abF1

(M Klein, Rencontre du Vietnam, Sept 2017)

for&collider&and&detector,&see&talks&
by:&D&Pellegrini,&M&Klein&

ep%IP
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LHeC: √s= 1.3 TeV
×100–1000 HERA lumi.

FCC-eh: 
√s= 3.5 TeV

LHeC and&FCCFeh

HERA:&world’s&first&and&still&
only&ep collider&(√s&� 300&GeV)

LHeC:%future&ep (eA)&collider,&
proposed&to&run&concurrently&
with&HLFLHCY&CDR&arXiv:1206.2913 

(complementaryY&additional&discovery&
channelsY&precision&PDFs&and&!s)

FCC+eh:%further&future&ep
collider,&integrated&with&FCCY&
(further&kinematic&extension&wrt LHeC)

LHeC (FCC+eh)&complementary&to,&synchronous&with,&HL+LHC%(FCC)
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LHeC and&FCCFeh
LHeC kinematic&reach:
Q2 up&to 106 GeV2

x down&to 10F6&

FCC+eh extends&further,&
Q2 to&107 GeV2,&x&to&10F7

• very&rich&physics&programmeY&see&also&other&talks&in&this&workshop:&&&&&&&&&&&&&&&&&&&
(PDFs%at%the%LHeC (A&CooperFSarkar)Y&nPDFs (H&Paukkunen)Y&EW (D&Britzger)Y&&&&&&
top%quark%physics (H&Sun)Y&diffraction (P&Newman)Y&SM%Higgs%(M&Tanaka)Y&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&
BSM%Higgs%and%Di+Higgs%(M&Kumar))

• outline%of%this%talk:%
• PDFs&at&FCCFeh
• strong&coupling&(!s)
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parton distribution&functions,&and&FCC
• improved%understanding%of%proton%structure%(PDFs)%crucial%%%%%%
for&maximising physics&potential&of&LHC and&future%hadron%colliders%
(Higgs,&MW,&BSM&searches,&…)

• see%also%talk%by%A.Cooper+Sarkar%for%improved%PDFs%from%the%LHeC

• PROGRESS%IN%PDF%DETERMINATION%FOR%FCC DEPENDS%ON:
− complete&exploitation%of%LHC%and&HL+LHC measurements
− developments&in&higher%order%calculations%and&techniques

• FCC:%potential%future%proton+proton%collider,%ECM =%100%TeV
• will&probe&proton&PDFs&in&unexplored&regions&of&ultraFlow&x,&and&high&Q2

− future%ep%collider%before&(EG.&LHeC)&and/or&in&parallel&(FCC+eh)&with&FCC&
would&vastly&improve&situation
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Kinematics of a 100 TeV FCC

DY, low-pt jets

W,Z

Higgs, top

2 TeV squarks

20 TeV Z’

Juan Rojo                                                                                                           FCC QCD WG Meeting,  CERN, 16/04/2015

Fig. 1: Kinematical coverage in the (x, MX) plane of a
p

s = 100 TeV hadron collider (solid blue line), compared
with the corresponding coverage of the LHC at

p
s = 14 TeV (dot-dashed red line). The dotted lines indicate

regions of constant rapidity y at the FCC. We also indicate the relevant MX regions for phenomenologically
important processes, from low masses (Drell-Yan, low pT jets), electroweak scale processes (Higgs, W, Z, top),
and possible new high-mass particles (squarks, Z 0).

treating electroweak gauge bosons as massless and their inclusion into the DGLAP evolution equations.
Finally in Sect. 3.7 we discuss the possible relevance of high-energy (small-x) resummation effects for a
100 TeV collider.

3.2 PDFs and their kinematical coverage at 100 TeV
We begin by quantifying the kinematical coverage in the (x, MX) plane that PDFs probe in a 100 TeV
hadron collider, with MX being the invariant mass of the produced final states. In Fig. 1 we represent
the kinematical coverage in the (x, MX) plane of a

p
s = 100 TeV hadron collider compared with

the corresponding coverage of the LHC at
p

s = 14 TeV. The dotted lines indicate regions of constant
rapidity y at the FCC. In this plot, we also indicate the relevant MX regions for phenomenologically
important processes, from low masses (such as Drell-Yan or low pT jets), electroweak scale processes
(such as Higgs, W, Z, or top production), and possible new high-mass particles (such as a 2 TeV squark
or a 20 TeV Z 0).

In the low-mass region, for MX  10 GeV, PDFs would be probed down to x ' 5 · 10�5 in the
central region, y ' 0, and down to x ' 5 · 10�7 at forward rapidities, y ' 5. At even forward rapidities,
for example those that can be probed by using dedicated detectors down the beam pipe, PDFs could
be probed down to x ' 10�8. While these extreme regions of very low x are not relevant for neither
electroweak scale physics nor for high-mass New Physics searches, they are crucial for the tuning of soft
and semi-hard physics in Monte Carlo event generators [28] and therefore it is important to ensure that
the PDFs exhibit a sensible behaviour in this region. Moreover, forward instrumentation would also be

8

6
small%x%becomes&relevant&even&for&“common” physics&(EG.&W,&Z,&H,&t)

large%x%relevant&in&searches&for&new,&very&high&mass&states
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Fig. 5: The large-x behaviour of the up, down, anti-up quark and gluon PDFs evaluated at Q = 100 GeV. We
compare the results of ABM12, CT14, MMHT14 and NNPDF3.0 NNLO, with the corresponding 68% CL PDF
uncertainty in each case. The comparison is presented normalising to the central value of CT14.

constraint. This illustrates the relevance of ultra-low x PDFs for the modelling of soft QCD at a 100 TeV
collider.

Now we turn to discuss the region of large values of Bjorken-x. This region is also affected by
substantial PDF uncertainties due to the limited direct experimental constraints. To estimate the coverage
in the large-x region, it is useful to use the result that for the production of a final state with invariant
mass MX and rapidity y at a hadron collider with center-of-mass energy

p
s, the LO values of the PDF

momentum fractions x1 and x2 are x1,2 = (MX/
p

s) exp(±y). Therefore, for a centrally produced
final-state (y = 0) of invariant mass MX ' 7 TeV (50 TeV) at

p
s =14 TeV (100 TeV) we will have

hx1,2i ' 0.5, while already for slightly non-central production, y ' 0.5, PDFs are being probed up to
x1 ' 0.8 for both colliders.

In Fig. 5 we illustrate the large-x behaviour of the up, down, anti-up quark and gluon PDFs,
evaluated at Q = 100 GeV. We compare the results of the ABM12, CT14, NNPDF3.0 and MMHT14
NNLO PDF sets, with the corresponding 68% CL PDF uncertainty in each case, normalising to the
central value of CT14.18 As discussed above, the central production of a heavy system with MX =
10 (30 or 50) TeV would probe the large-x PDFs for x >⇠ 0.1 (0.3 or 0.5) at a 100 TeV collider. As
we can see, while for valence quarks (up and down) PDF uncertainties in the region relevant for heavy
particle production at the FCC are moderate, for the gluon and anti-quarks PDF uncertainties are large,
thus degrading the accuracy of any theory prediction that requires knowledge of PDFs in this region. In
addition, there is a significant spread between the central values of the four sets.

As in the case of small-x, new measurements from the LHC and other experiments should allow to
18In these plots, the ABM12 curves have been obtained using the internal interpolation routine provided by the authors, since

the LHAPDF6 results were found to exhibit poor numerical stability at large x.
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situation&today

• small%x: no&current&data&constrain&x&≤&10F4&
• …&and&we&don’t&know&where&DGLAP&breaks&down!
• FCC:&small&x&becomes&relevant&even&for&W,&Z,&H,&t

• large%x:%crucial&for&new&physics&searches&
in&extended&kinematic&regime&
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Fig. 3: The relative 68% CL PDF uncertainties at Q2 = 100 GeV2 in the small-x region computed with the
ABM12, CT14, MMHT14 and NNPDF3.0 NNLO sets. With the exception of ABM12, one finds a rapid increase
in PDF uncertainties as we move towards the small-x region x <⇠ 5 ·10�5, where current experimental information
is limited.
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Figure 17: PDF sampling by MPIs in inelastic non-diffractive pp collisions at 7 TeV. Top Left: the
x distribution of all MPI initiators (including the hardest scattering). Top Right: the fraction of MPI
initiators which are gluons, as a function of x. Bottom Left: the ū/u ratio. Bottom Right: the
distribution of the amount of x left in the beam remnant, after MPI (note: linear scale in x).
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(at 100 TeV we show only the comparison with the 4C tune). The lower panel shows the ratio between the Monash
2013 tune and the older Pythia8 tunes.

ultra-high-energy neutrino cross-sections [36] and the prompt lepton fluxes [37–39] that are required for
the interpretation of the IceCube astrophysical neutrinos [40].

Another strategy to quantify the relevant range of Bjorken-x for which PDFs are required in the
modeling of soft and semi-hard physics at the FCC is by sampling of the values of x of the PDFs required
in the calculation of Multiple Parton Interactions (MPI) for different values of the collider center-of-mass
energy

p
s. In Fig. 4 we compare the MPI sampling of x between the LHC 7 TeV and the FCC 100 TeV

using Pythia8.2 [41]. The results of the most update tune, Monash 2013 [28] are compared with
the older tunes 2C and 4C [42]. From this comparison we observe that, with the Monash 2013 tune, at
LHC7, PDFs with x >⇠ 10�6 lead to a sizable contribution, >⇠ 5%, to the MPI distribution. With the same
settings, the FCC100 samples values of x down to x >⇠ 10�8, a region far from any direct experimental

11

       x  
0.1 0.2 0.3 0.4 0.5 0.6

) [
re

f] 
2

) /
 u

 ( 
x,

 Q
2

u 
( x

, Q

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
CT14
NNPDF3.0
MMHT14
ABM12

NNLO,  Q = 100 GeV

       x  
0.1 0.2 0.3 0.4 0.5 0.6

) [
re

f] 
2

) /
 d

 ( 
x,

 Q
2

d 
( x

, Q

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5 CT14
NNPDF3.0
MMHT14
ABM12

NNLO,  Q = 100 GeV

       x  
0.1 0.2 0.3 0.4 0.5 0.6

) [
re

f] 
2

) /
 g

 ( 
x,

 Q
2

g 
( x

, Q

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 CT14
NNPDF3.0
MMHT14
ABM12

NNLO,  Q = 100 GeV

       x  
0.1 0.2 0.3 0.4 0.5 0.6

) [
re

f] 
2

 ( 
x,

 Q
u

) /
 

2
 ( 

x,
 Q

u

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2 CT14
NNPDF3.0
MMHT14
ABM12

NNLO,  Q = 100 GeV

Fig. 5: The large-x behaviour of the up, down, anti-up quark and gluon PDFs evaluated at Q = 100 GeV. We
compare the results of ABM12, CT14, MMHT14 and NNPDF3.0 NNLO, with the corresponding 68% CL PDF
uncertainty in each case. The comparison is presented normalising to the central value of CT14.

constraint. This illustrates the relevance of ultra-low x PDFs for the modelling of soft QCD at a 100 TeV
collider.

Now we turn to discuss the region of large values of Bjorken-x. This region is also affected by
substantial PDF uncertainties due to the limited direct experimental constraints. To estimate the coverage
in the large-x region, it is useful to use the result that for the production of a final state with invariant
mass MX and rapidity y at a hadron collider with center-of-mass energy

p
s, the LO values of the PDF

momentum fractions x1 and x2 are x1,2 = (MX/
p

s) exp(±y). Therefore, for a centrally produced
final-state (y = 0) of invariant mass MX ' 7 TeV (50 TeV) at

p
s =14 TeV (100 TeV) we will have

hx1,2i ' 0.5, while already for slightly non-central production, y ' 0.5, PDFs are being probed up to
x1 ' 0.8 for both colliders.

In Fig. 5 we illustrate the large-x behaviour of the up, down, anti-up quark and gluon PDFs,
evaluated at Q = 100 GeV. We compare the results of the ABM12, CT14, NNPDF3.0 and MMHT14
NNLO PDF sets, with the corresponding 68% CL PDF uncertainty in each case, normalising to the
central value of CT14.18 As discussed above, the central production of a heavy system with MX =
10 (30 or 50) TeV would probe the large-x PDFs for x >⇠ 0.1 (0.3 or 0.5) at a 100 TeV collider. As
we can see, while for valence quarks (up and down) PDF uncertainties in the region relevant for heavy
particle production at the FCC are moderate, for the gluon and anti-quarks PDF uncertainties are large,
thus degrading the accuracy of any theory prediction that requires knowledge of PDFs in this region. In
addition, there is a significant spread between the central values of the four sets.

As in the case of small-x, new measurements from the LHC and other experiments should allow to
18In these plots, the ABM12 curves have been obtained using the internal interpolation routine provided by the authors, since

the LHAPDF6 results were found to exhibit poor numerical stability at large x.
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gluon

zoom%in%on%large%x

gluon

ubar

(plots from arXiv:1607.01831)
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LHC&constraints&for&FCC?

gluon

EG:&prospects&for&better&control&of&&small%x%gluon%using&LHCb forward%charm

improved&small%x%gluon%using&combinations&
of&LHCb forward%charm cross&sections:–
stabilises FCC&predictions

other%LHC%data%will%also%constrain%PDFSW%must%be%exploited,%but%cannot%resolve%
parton distributions%precisely%(also&see&talk&by&A.CooperFSarkar)

E. Slade, 1st FCC workshop, CERN, Jan 2017

arXiv:1610.09373
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what&about&future&ep&colliders?
LHeC:
extremely&

precise&PDFs&
across&full&

mass&range,&
up&to&the&very&
high&scales&

accessible&at&
FCC

(see&also&talk&by&
A.&CooperFSarkar)
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and&now,&
what&can&the&
FCC+eh do?

today …%then,%if&we&have
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simulated&FCCFeh&datanew
new&simulated&inclusive%NC%and CC%DIS%data for&latest&running&scenarios&&&&&&&&&

(M.Klein)

more&data,&and&more&options&c.f.&previous&studies

error%assumptions:%
elec.&scale:&0.1%Y&hadr.&scale&0.5%

radcor:&0.3%Y&"p&at&high&y:&1%
uncorrelated&extra&eff.&0.5%

* second and third columns show FCC-eh (LHeC)

low energy 

e+, unpol.

e–, neg. pol.

e–, pos. pol.

all&work&in&progress
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FCCFeh&vs&LHeC

NLO&QCD&fit,&using&xFitter
parameterisation details&in&backups

gluon

HERALHeC

FCCFeh

• seen&already&how&precisely&
LHeC can&control&PDFs

• need&FCC+eh to&explore&
below&x=10F6

• FCC+eh may&further&improve,&
and&explore&small%x%
phenomenology

(V.Radescu)

(adding&low&Ep&data&has&small&impact&here)



dFvalenceuFvalence

12

FCCFeh&vs&LHeC
• similar&uncertainties&at&
low%x%from&FCC+eh cf.
LHeC

• LHeC:&no&data&below&x=10F6Y&
need&FCC+eh to&directly&
constrain

• combination%beneficial

(V.Radescu)

sea

ubar dbar

“today”:&same fit&set&up&&&&&&
50&data&sets&from&fixed&target&to&
colliders&using&ep,&pp,&ppbar,&and&
from&DIS&to&jets,&DY

gluon
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same&yFscale
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gluon&and&sea&at&high&x
now
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• very%strong%high%x%constraintsW%
crucial%for%new%physics%searches

• LHeC does&better&with&current&simul.&
conditions:– FCC+eh extends&to&
smaller&x&than&LHeCY&
correspondingly,&more&difficult&at&
large&x
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correspondingly,&more&difficult&at&
large&x
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valence&quarks
now

u valence

ep:&precise&determination,&free&from&higher&twist&corrections&and&nuclear&uncertainties
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summary&of&FCCFeh&PDFs
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Photon PDFs (in proton) 

11 

Q = 3.2 GeV! 0.05%! 0.34%!
Q = 85 GeV! 0.22%! 0.51%!
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strong&coupling

4 Working group report: QCD

the total width of the Higgs boson at future lepton colliders, where the experimental uncertainty no longer
dominates [1]. The size of �s is not given by theory, but can be extracted from experimental measurements
at e+e�, ep, pp, and pp̄ colliders, as well as from lattice QCD calculations.

A recent review on the determination of �s may be found in the 2012 PDG review [2]. The current world
average presented in the 2012 PDG review is:

�s(M
2
Z) = 0.1184± 0.0007

which has 0.6% relative uncertainty and is summarized in Fig. 20-1. The quoted uncertainty is a factor of
4 better than the value in the PDG review in 1992 [3], showing a significant progress on the determination
of �s over the last two decades. As demonstrated in [2], the central value of the world average of �s(M2

Z)
is rather stable against di�erent inputs to this average. The result from lattice calculations, which has the
smallest assigned uncertainty, agrees well with the exclusive average of the other results; however, it largely
determines the size of the overall uncertainty.

0.11 0.12 0.13

αα    ((ΜΜ    ))s ΖΖ

Lattice

DIS 

e+e- annihilation

τ-decays 

Z pole fits 

Figure 20-1. Summary of values of �s(M
2
Z) obtained for various sub-classes of measurements. The world

average value of �s(M
2
Z) = 0.1184 ± 0.0007 is indicated by the dashed line and the shaded band. Figure

taken from [2].

Below we discuss various approaches to determine �s and future possibilities to further improve the de-
termination of �s with measurements at the LHC and future accelerator facilities and with lattice QCD
calculations. Given the current �s(M2

Z) uncertainty, the main theme is to see if and/or how we can potentially
reduce its uncertainty to the level of 0.1% relative or 0.0001 absolute [4].

20.3.1 Strong coupling from e+e� colliders

Various studies on �s have been performed using e+e� annihilation data. They include the determination
of �s from hadronic ⇥ decays, heavy quarkonia decays, event shapes, jet rates, and the hadronic Z decay
rate. Future prospects with some of these approaches are discussed below.

20.3.1.1 Hadronic final states of e+e� annihilations

Jet rates and hadronic event shapes have a strong sensitivity to �s, and they have been studied extensively in
the past. For these observables, the theoretical predictions are calculated up to NNLO and the resummation
is achieved up to NNLL or N3LL.

Community Planning Study: Snowmass 2013
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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

strong%coupling,%!s,%is%a%fundamental%
parameter,%not%given%by%theory
extracted&from&experimental&measurements&in&e+eF,&
ep,&pp,&and&from&lattice&QCD&calculations

PDG
LHeC

!s is%least%known%of%coupling%
constants
precision&!s needed&to&constrain&GUT&
scenarios

PDG16&world&average:&!s(MZ)=0.1181±0.0011
cf.&PDG13:&!s(MZ)=0.1184±0.0006
BUT&measurements&not%all%consistent: what&is&true&central&valueY&
true&uncertaintyY&role&of&lattice&calculationsY&is&!s(DIS)&smaller&than&
world&average?

with&QCD&lattice&treated&less&
conservatively&cf.&PDG16

PDG13
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strong&coupling,&and&Higgs

uncertainty%on%inclusive%Higgs%production
G.&Zanderighi,&Moriond,&March&2016
(from C. Anastasiou et al., arXiv:1602.00695)
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PDF+!s fit&using&LHeC simulated&data&

~ 0.3% precision from LHeC

LHeC could&resolve&a&>&30Fyear&old&puzzle:
!s consistent&in&inclusive&DIS,&versus&jets?&

Voica Radescu |        |Washington, D.C. | 2015 

Strong coupling from FCC eh
! The much reduced PDFs impose better constraints on various SM and BSM parameters:!

!
! alphas small in DIS or high with jets?!

 !     [over 30 years old puzzle HERA couldn't solve]!
!

!
!

!
!
!
!
!
!
!
!
!
!
!
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~0.3 % precision from LHeC
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Figure 63: ∆χ2 = χ2 − χ2min vs. αs(M
2
Z) for pQCD fits with different Q2min using data on (a)

inclusive, charm and jet production at NLO, (b) inclusive ep scattering only at NLO and (c)
inclusive ep scattering only at NNLO.

132

(M Klein, V Radescu) NC,CC
NC,CC+F2c

expected&0.1%&precision&when&combined&with&HERA

strong&coupling&from&LHeC
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!s to%per%mille%precision%when%combined%with%HERA%data%%%%%%%%%%%%%%%
(two&independent&QCD&analyses,&using&LHeC+HERA and&LHeC+BCDMS (T Kluge))

strong&coupling&from&LHeC
(V Radescu)
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ep%jet%data%can%provide%additional%constraints%
cf.&inclusive&DIS&data&alone

strong&coupling&from&jet&data&in&ep
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Figure 63: ∆χ2 = χ2 − χ2min vs. αs(M
2
Z) for pQCD fits with different Q2min using data on (a)

inclusive, charm and jet production at NLO, (b) inclusive ep scattering only at NLO and (c)
inclusive ep scattering only at NNLO.

132

NNLO fit&now&also&possible
EG.%new%H1%et%al.%preliminary%result%
(H1prelim-17-031; see talk by               
D. Britzger, this conference)

strong&coupling&from&LHeC and&
FCCFhe&simulated&DIS%jet%data%
to&come…
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LHeC jet&data

(plots&from&LHeC CDR&– illustrative)
impact&of&LHeC jet%data%on&!s
(and&PDFs)&expected&to&be&
substantial
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20.4 Quark masses and strong coupling from lattice QCD 9

Method Current relative precision Future relative precision

e+e� evt shapes
expt � 1% (LEP) < 1% possible (ILC/TLEP)

thry � 1–3% (NNLO+up to N3LL, n.p. signif.) [27] � 1% (control n.p. via Q2-dep.)

e+e� jet rates
expt � 2% (LEP) < 1% possible (ILC/TLEP)

thry � 1% (NNLO, n.p. moderate) [28] � 0.5% (NLL missing)

precision EW
expt � 3% (RZ , LEP) 0.1% (TLEP [10]), 0.5% (ILC [11])

thry � 0.5% (N3LO, n.p. small) [9, 29] � 0.3% (N4LO feasible, � 10 yrs)

⇥ decays
expt � 0.5% (LEP, B-factories) < 0.2% possible (ILC/TLEP)

thry � 2% (N3LO, n.p. small) [8] � 1% (N4LO feasible, � 10 yrs)

ep colliders
� 1–2% (pdf fit dependent) [30, 31], 0.1% (LHeC + HERA [23])

(mostly theory, NNLO) [32,33] � 0.5% (at least N3LO required)

hadron colliders
� 4% (Tev. jets), � 3% (LHC tt̄) < 1% challenging

(NLO jets, NNLO tt̄, gluon uncert.) [17, 21, 34] (NNLO jets imminent [22])

lattice
� 0.5% (Wilson loops, correlators, ...) � 0.3%

(limited by accuracy of pert. th.) [35–37] (� 5 yrs [38])

Table 20-1. Summary of current uncertainties in extractions of �s(M
2
Z) and targets for future (5�25 years)

determinations. For the cases where theory uncertainties are considered separately, the theory uncertainties
for future targets reflect a reduction by a factor of about two.

uncertainties. For example, if mc is obtained from the pseudoscalar correlator, choosing m�c to set the energy
scale reduces sensitivity to the tuning of the bare charm-quark mass. Using these methods, the HPQCD
Collaboration obtains mc(mc, nf = 4) = 1.273(6) GeV in the MS scheme [35]. By contrast, the Karlsruhe
group obtains mc(mc, nf = 4) = 1.279(13) GeV from e+e� experimental data [39]. The most important
reason for the greater precision of the lattice determination is that the data for the lattice correlation functions
is much cleaner than the e+e� annihilation data. The uncertainty is dominated by continuum perturbation
theory, and therefore may improve only modestly unless another order of perturbation theory is calculated.
However, these charm correlation functions are very easy to calculate with lattice QCD. The lattice part of
this determination will be checked by many lattice groups and should be very robust.

The b quark mass can also be obtained in this way, with the result mb(mb, nf = 5) = 4.164(23) GeV [35].
The sources of systematic uncertainty are completely di�erent than for mc. Perturbative uncertainties are
tiny because �s(mb)

4 ⇥ �s(mc)
4. However, the method requires treating the b quark as a light quark, which

is just barely working at lattice spacings used so far. Discretization errors dominate the current uncertainty,
followed by statistical errors. The lattice result for mb is not currently as precise as the result from e+e�

experimental data, mb(mb, nf = 5) = 4.163(16) GeV [39]. Discretization and statistical errors should be
straightforward to reduce by brute force computing power, and so are likely to come down by a factor of
two in the next few years, perhaps to 0.011 GeV or better. Precisions of that order for mb have already
been claimed from e+e� data from reanalyses of the data and perturbation theory [39], and coming lattice
calculations will be able to check these using the computing power expected in the next few years.

The strong coupling constant, �s, is also an output of these lattice calculations. A very precise value
of �s(MZ , nf = 5) = 0.1183(7) has been obtained [35], with an uncertainty dominated by continuum
perturbation theory. Unlike the heavy-quark masses, for which the correlation function methods give the
most precise results at present, there are numerous good ways of obtaining �s with both continuum and lattice
methods. HPQCD has also obtained �s from Wilson loops, obtaining �s(M2

Z) = 0.1184(6), comparable to

Community Planning Study: Snowmass 2013

(Snowmass13 report, arXiv:1310.5189)

!s from%LHeC (and%FCC+he)%stands%in%own%right%as%a%highest%precision%result,%%%%
not&just&complementary&to&other&colliders

*&TLEP&=&old&name&for&FCCFee

per&mille

per&mille

summary&of&!s uncertainties
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• improved%understanding%of%proton%structure%crucial%for%LHC,%and%
even&more&so&for&future%hadron%colliders

• FCC will&probe&unexplored&regions&of&ultraFlow&x&and&very&high&Q2,&where&
proton%PDFs%poorly%known%and%unconstrained%

• FCC+eh proposed&as&ep option&to&run&synchronously%with&FCC
• studies&show&dramatic&improvement&of&PDFs&from&FCCFeh
• similar&level&of&PDF&precision&as&LHeC (FCCFeh&extends&to&lower%xY&LHeC

simulations&show&some&additional&constraint&at&high&x)

• !s,%fundamental%param.,%limits%precision%on%important%processes
• per&mille&precision&possible&(LHeCY&FCCFeh&studies&underway)&&&&&

• several%results%shown%here%are%hot%off%the%press%– further%WORK%IN%PROGRESS:%
further&examine&simulation&assumptionsY&relax&QCD&fit&assumptionsY&inclusion&
of&jet,&heavy&flavour (PDFs,&!s)Y&nuclear&PDFsY&…
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FCC&– x&regions&probed

relevant for the measurement of the total pp cross-section at 100 TeV as well as to provide input for the
modelling of ultra-high energy cosmic ray collisions [29]. The prospects for soft physics at the FCC is
studied in detail in Sect. 4 of this report.

Concerning the production of electroweak particles such as weak gauge bosons, the Higgs boson
and top quarks, PDFs are probed down to x ' 5 · 10�4 in the central region, y ' 0, and down to
x ' 2 · 10�6 at forward rapidities, y ' 5. This indicates that a good coverage of the forward region
is also instrumental for electroweak scale physics, whose production is much less central than at the
LHC. In the case of Higgs production, if the Higgs can be reconstructed up to rapidities of y ' 4, then
this process would probe PDFs down to x ' 10�5. Therefore, at a 100 TeV hadron collider a good
knowledge of small-x PDFs becomes crucial not only for soft and semi-hard physics, or for low scale
processes such as low-mass Drell-Yan or charm production, but also for electroweak scale processes.

In the high-invariant mass region, MX � 5 TeV, only medium and large-x PDFs would be probed,
and these are currently known with reasonable accuracy, except for very high MX values. For instance,
for the pair-production of 2 TeV squarks, only the knowledge of PDFs for x >⇠ 10�3 is required. The
production of multi-TeV heavy particles is of course very central, requiring instrumentation only down
to |y| ' 3 at most. For the heavier particles that can be probed at the FCC, such as a 20 or 30 TeV Z 0,
PDFs have large uncertainties since the very large-x region is being probed, and this region is affected
by the lack of direct constraints, as we discuss below.

In Table 1 we summarize the kinematical coverage in the (x, MX) plane for various phenomeno-
logically important processes at the FCC, both for central, intermediate and forward rapidities. For each
value of the invariant mass MX and the absolute rapidity |y|, the smallest value of Bjorken-x required
corresponds to xmin = (MX/

p
s) exp(�|y|). This table conveys a similar message to that of Fig. 1: at

a 100 TeV hadron collider, accurate knowledge of PDFs is required in a very wide kinematical region,
ranging from ultra low-x to very large-x, and from momentum transfers close to ⇤QCD up to the highest
values where the FCC has sensitivity for new heavy particles, MX ' 50 TeV. That is, a huge range
spanning 8 orders of magnitude in x and 10 in Q2.

Process MX xmin

y = 0 |y| = 2 |y| = 4

Soft QCD
1 (10) GeV 10�5 (10�4) 1.4 · 10�6 (1.4 · 10�5) 1.8 · 10�7 (1.8 · 10�6)Charm pair production

Low-mass Drell-Yan
W and Z production

80 (400) GeV 8 · 10�4 (4 · 10�3) 1.1 · 10�4 (5.4 · 10�4) 1.5 · 10�5 (7.3 · 10�5)Top pair production
Inclusive Higgs

Heavy New Physics 5 (25) TeV 0.05 (0.25) 0.007 (-) –

Table 1: Kinematical coverage in the (x, MX) plane for representative processes at a 100 TeV hadron collider.
For each type of process (low mass, electroweak scale processes, and heavy new physics) we indicate the relevant
range for the final-state invariant mass MX and the approximate minimum value of x probed in the PDFs, xmin =
(MX/

p
s) exp(�|y|), for central (y = 0), intermediate (|y| = 2) and forward (|y| = 4) rapidities.

Given this, it is important to verify that available PDF sets have a sensible behaviour in all the
relevant kinematical regions, specially in the extrapolation regions at very small-x and very large Q2

which are not relevant for most LHC applications. The goal here is not to understand similarities or
differences between PDF sets, but to ensure that PDF sets that will be used for FCC simulations have a
physical behaviour in the entire range of x and Q required.

In the following, PDFs are accessed through the LHAPDF6 interface [30], version 6.1.5, with the
most updated grid data files. It should be emphasized the importance of using this specific version,
since previous versions had different options for the default PDF extrapolations. In addition, both the
interpolation accuracy and the treatment of the extrapolation regions, as well as the overall computa-
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PDFs&today
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low+x:&no&current&data&to&constrain&x&≤&10F4
rely&purely&on&extrapolation
also,&we&don’t&know&when&DGLAP&breaks&down
Higgs&is&at&small&x&at&√s=100TeV!

high+x:&crucial&for&new&physics&searches

100 TeV

gg

qq

qqbar

100 TeV

100 TeV

MX [GeV]

PDF&luminosities
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unknown

need&FCC&to&constrain&much&below&x=10F5
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FCCFeh&vs&LHeC kinematic&coverage
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QCD&fit&parameterisation
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FCCFeh&vs&LHeC

(V.Radescu)

impact%with%and%without%low%energy%data%shown%separately

gluon sea
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low&x&PDFs

(V.Radescu)

• similar&uncertainties&at&
low%x%from&FCC+eh cf.
LHeC

• LHeC:&no&data&below&x=10F6Y&
need&FCC+eh to&directly&
constrain

• combination beneficial
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high&x&PDFs

(V.Radescu)

• very%strong%high%x%
constraints

• LHeC does&better&with&
current&simulation&
conditions:– FCC+eh
extends&to&smaller&x&
than&LHeCY&
correspondingly,&more&
difficult&at&large&x



“today”:&50&data&sets&from&fixed&target&to&colliders&using&ep,&
pp,&ppbar,&and&from&DIS&to&jets,&DrellFYan&(same&fit&setup)
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vs&same fit&with&world&data
(V.Radescu)

gluon
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dbarFubar

strange

current&global&fits&
for&strange
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vs&same fit&with&world&data&– low&x
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Higgs

uncertainty%on%Higgs%production
M.&Ubiali,&this&conference

s


