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HERA data
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H1 and ZEUS
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This is a beautiful plot with a 
lot of physics: 
• Covers about five orders 

of magnitude in x and Q2. 
• Consistency of fixed-target 

and HERA data. 
• Scaling at x ~ 0.08 and 

violations elsewhere. 
• Again strong rise of gluon 

density. 
• γ−Z interference at high 

Q2. 
• Crucial input to PDF fits. 
• Still want to go to higher 

and lower x.



QCD fits to current data
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• We have limited knowledge of the proton structure at low x. 
• There are indications that standard DGLAP is not enough at low x. 
• High x also PDFs also suffer from large uncertainties.

         H1 and ZEUS
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Low x and high energy
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• Consider the total cross section as 
a function of Wγp. 

• Depending on the form, fits cross; 
physics does not make sense. 

• Different forms deviate significantly 
from each other. 

• What about saturation ? 
(Confinement ?) 

• BFKL vs DGLAP. 

• Related to UHE neutrino cross 
sections. 

• Unique information on form of 
hadronic cross sections at high 
energy.

R. Yoshida
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Polarised measurements and spin physics
• Collisions with 

polarised particles 
less well 
understood 

• Several current 
measurements. 

• Polarised data 
more limited in 
range. 

• EIC will extend 
kinematic 
coverage by 2 
orders in x and Q2. 

• Want to 
understand spin



Future DIS colliders
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DIS Collider Plan Comparison (from EPPSU DIS document)
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R. Yoshida



Comparison of DIS colliders
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• EIC (U.S. & China): 
- is lowish energy, but high luminosity. 
- intrinsically flexible, with varying energy, ion species, etc. 
- has high polarisation of both beams. 
- is most advanced through approval. 

• LHeC / FCC-eh: 
- is high energy and high luminosity. 
- has some flexibility in energy and particle species. 
- has broad physics programme including EW sector and high-Q2 searches. 

• VHEeP: 
- is very high energy, but low luminosity. 
- has flexibility in energy and also in other beam parameters. 
- relies on a new technology, also opportunity.



Overview talks of future DIS colliders
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Facilities
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The EIC
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B. Surrow

Study structure and dynamics of matter at high luminosity, high energy with 
polarised beams and wide range of nuclei 

• Parton distributions in nuclei 
• QCD at extreme densities - 

saturation

• Spin and flavour structure of the 
nucleon and nuclei 

• Tomography
Possible CD0 mission statement FY19. 
Possible construction start once FRIB constructions ramps down in 2022/23. 



Detectors for EIC – TOPSIDE
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J. Repond

PENTACAL 
• Prototype 5D electromagnetic calorimeter 
• SiW with 1 × 1 mm2 pixels 
• Interest from EIC, AMBER, JLab …

• Three similar concepts, 
BEAST, JLEIC and ePhenix 
and one different, TOPSiDE. 

• Imaging detector. 
• Identify particles. 
• Novel, cost could be an 

issue.



A compact electron injector for the EIC using 
plasma wakefield acceleration
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J. Chappell

Inject electrons here

• To investigate fixing gradient at 
this level. 

• Using stable gradients >1 GV/m, 
inject electrons. 

• Note that current RHIC proton 
bunches already effective drivers.

• Achieved Ee ~ 9 GeV over 8 m 
• To extend simulations over a longer 

distance to EIC-required energies 
• Work on capture efficiency, i.e. Ne 
• Storage ring needed only to 

maintain energy 
• Cost-effective electron injector

fix gradient ?



EIC in China (EicC)
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Y. Zhao

EicC-II: 
• Ee = 10 GeV,              

Ep = 60−200 GeV 
• Pe = 80%, Pp = 70% 
• L ~ 5 × 1034 cm−2 s−1

• Strong support from local government. 
• EicC white paper to be submitted by end of 2019 to get in the next 5-year 

plan (starting in 2021). 
• Aim for construction start 2026 and data-taking in 2032.



The LHeC / FCC-eh
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Loca4on	+	Footprint	of	the	electron	ERL	
LHC	 FCC	

Energy	–	Cost	–	Physics	–	Footprint	
are	being	reinves4gated	

A	9km	ERL	is	a	small	add-on	for	the	FCC	
Doubling	the	energy	to	120	GeV	hugely		
Increases	cost	and	effort.	

• Ep = 7 TeV,       
Ee = 50/60 GeV, 
√s = 1.2/1.3 TeV 

• Also eA 
• For installation 

during LS4 
(2030+) 

• Run until 2040+ 
• O(ab−1)

M. Klein

• LHeC CDR to be update: “The Large Hadron Electron Collider at high 
luminosity”. 

• Workshop 24−25/Oct/2019 (tbc) near CERN.



Other experiments / initiatives
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• Fixed-target experiments using LHC protons. 
• A new QCD facility at CERN’s M2 beam line, COMPASS/AMBER. 
• Use of LBNF neutrino beam with a near detector for νN scattering. 
• SHiP experiment at CERN, search for long-lived particles, ντ physics, etc. 
• NICA at JINR, Dubna 
• Parton distributions determined using lattice QCD. 
• Develops in theory and phenomenology, including Monte Carlos. 
• …



LHC fixed-target and spin programme
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A. Kusina 
J. Lansberg 
L. Pappalardo• Studying high-x and constraining the PDFs 

• Unravelling the nucleon 3D/spin structure 
• Heavy ion collisions at large rapidities

Rapidity coverage

6− 4− 2− 0 2 4 6
Center-of-mass rapidity

STAR (Collider)

PHENIX (Collider)

LHCb (Collider)

LHCb (Fixed Target)

ALICE (Collider)

ALICE (Fixed Target) Muon Det.

E-M Det.

Full PID Det.

6 / 26

Centre-of-mass energy = 115 GeV for a proton beam



Proton PDFs at low and high x
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Understanding low x gluons
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• Effect on ggH cross section. 
• Measurement of FL is important. 
• Measurement of heavy quarks will add 

extra information.  
• BFKL, saturation, etc.

C. Gwenlan



Low-x PDFs from the LHC too
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• Complementary constraints from HL-LHC potential. 
• Further processes to be considered. 
• Note that tolerance in χ2 is T = 3; should be lower (T = 1) for LHeC. 

S. Bailey



High-x PDFs at LHeC
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C. Gwenlan

• Empowering LHC discoveries. 
• PDF uncertainty on gluino pair 

production versus gluino 
mass. 

• Important to have PDFs 
determined independently.  

• LHeC will have a huge impact.



High x at AFTER@LHC
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A. Kusina



νN facility
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• Turn the LBNF ND site into a general purpose ν physics facility with broad 
program complementary to ongoing fixed-target, collider and nuclear physics 
efforts: 
- Measurement of sin2θW and electroweak physics;  
- Precision tests of isospin physics & sum rules (Adler, GLS);  
- Measurements of strangeness content of the nucleon (s(x), ∆s, etc.);  
- Studies of QCD and structure of nucleons and nuclei;  
- Precision tests of the structure of the weak current: PCAC, CVC;  
- Measurement of nuclear physics and (anti)-neutrino-nucleus interactions;  
- Precision measurements of cross-sections and particle production; etc. .....  
- Searches for New Physics (BSM) ..... 

• E.g. direct measurement of F2νn/F2νp free from nuclear uncertainties and 
comparison with e/µ DIS 
- d/u at large x and verify limit for x → 1.

R. Petti



PDFs on the lattice
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S. Zafeiropoulos 
K. Cichy

Lattice traditionally & global PDF fits

q(x)=
1

4⇡

1Z

�1

d!�e�ixP+!�
hP | ̄(!�)W (!�, 0)�+ (0)|P i

Light cone PDF

Mellin moments hxk
iq =

R 1
�1 dx xk q(x) related to local matrix elements of

twist-2 operators

hP | ̄(0)�{µ1Dµ2 ...Dµk} (0)|P i = 2hxk
iq(P

µ1 ...Pµk � traces)

Savvas Zafeiropoulos Lattice studies of pseudo-PDFs 5/20

PDFs defined in factorisation theorems = matrix elements of operators 
containing quark fields separated by a light-cone distance

light-cone separation
They cannot be simulated on the lattice.

Quasi-PDFs

Krzysztof Cichy PDFs from Lattice QCD – DIS 2019 – Torino – 4 / 18

• Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

• Compute a quasi distribution q̃, which is purely spatial and uses nucleons with
finite momentum:

q̃(x, µ2, P3) =

∫

dz

4π
eixP3z⟨N |ψ(z)ΓA(z, 0)ψ(0)|N⟩.

• z – distance in any spatial direction z,

• P3 – momentum boost in this direction.

• e.g. Γ = γ0, γ3 – unpolarized, Γ = γ5γ3 – helicity,
Γ = σ31, σ32 – transversity

• Theoretically very appealing and intuitive!

• Differs from light-front PDFs by O

(

Λ2
QCD

P 2
3

,
m2

N

P 2
3

)

.

• The highly non-trivial aspect:
how to relate q̃(x, µ2, P3) to the light-front PDF
q(x, µ2) (infinite momentum frame)
⇒ Large Momentum Effective Theory (LaMET)

spacelike separation

Novel alternative approach:

If P3 is large enough, the difference w.r.t. light-cone are suppressed.
Different approaches (quasi-PDFs and pseudo-PDFs) differ in the way they 
connect the spacelike-separated matrix elements to standard PDFs



Recent results from quasi-PDFs
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Matched PDF + TMCs

Krzysztof Cichy PDFs from Lattice QCD – DIS 2019 – Torino – 13 / 18

Nucleon momentum 10π
48 , Q2 = 4 GeV2

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001

K. Cichy

Final result
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Recent results from pseudo-PDFs S. Zafeiropoulos

Comparison to global fits
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Evolved points fitted with cosine FT of

qv(x) = N(a, b) xa (1 � x)b

a = 0.36(6), b = 3.95(22)

Evolved data can be exploited to build

uv(x) � dv(x)

Results compared with predictions from

global fits

Savvas Zafeiropoulos Lattice studies of pseudo-PDFs 14/20

Final result

The pertinent systematics in PDF extraction

Parton distribution functions or distribution amplitudes may be defined in

lattice QCD by inverting the quasi-Fourier transform of a certain class of

hadronic position-space matrix elements

One example are the Io↵e-time PDFs, MR, related to the physical PDF

qv(x, µ2) via the integral relation

MR(⌫, µ2) ⌘

Z 1

0
dx cos(⌫x) qv(x, µ2)

Only a handful

of lattice data

Cosine not or-

thogonal in [0,1]

The task at hand is then to reconstruct the PDF qv(x, µ2) given a limited

set of simulated data for MR(⌫, µ2).

The extraction is highly ill-posed, so one has to resort to regularization

strategies in order to find a way to reliably estimate the PDF from the data

at hand Karpie, Orginos, Rothkopf, S.Z. - arXiv:1901.05408 - Accepted by JHEP

Savvas Zafeiropoulos Lattice studies of pseudo-PDFs 16/20

Naive Reconstruction

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0  0.2  0.4  0.6  0.8  1

q(
x)

x

original q(x)
ΔD/D=10-2

ΔD/D=10-3

ideal data

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0  0.2  0.4  0.6  0.8  1

x

original q(x)
ΔD/D=10-4

ΔD/D=10-5

ideal data

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0  0.2  0.4  0.6  0.8  1

x

original q(x)
ΔD/D=10-5

ΔD/D=10-6

ideal data

Results for the direct inversion for di↵erent discretization intervals
(left ⌫ = [0, 40⇡], center ⌫ = [0, 100], right ⌫ = [0, 20]).

Savvas Zafeiropoulos Lattice studies of pseudo-PDFs 17/20

Large errors with naive methods. Need more sophisticated PDF reconstruction 
methods and careful assessment of systematics



Higgs and electroweak
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Electroweak physics
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D. Britzger

• Combination of high energy, large luminosity and polarisation. 
• Also lots of top physics |Vtb| ~ 1%, FCNC, etc. 
• Other EW parameters, e.g. sin2θW, see also SoLID (Y. Zhao) and νN (R. Petti)

0



Higgs production in ep colliders

!28

• Higgs physics requires high luminosities as expected with HL-LHC. 
• Excellent interplay with pp and ee machines.  Prospects for self-coupling. 
• Significant extra capability to LHeC/FCC-eh programme.

M. Klein 
A. Stasto



Nuclear structure
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eA collisions at LHeC/FCC-eh
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• Extension of 4–5 orders of 
magnitude in x and Q2. 

• Use pseudo-data to get a 
handle on precision. 

• Large improvement in gluon 
PDF, but note tolerances.

N. Armesto



Nuclear PDFs with STAR upgrade
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Z. Ye

LHC data are at high Q2; STAR can make a difference at low x with its excellent 
kinematic coverage in the forward region.  
• Direct photons → gluon PDF. 
• Drell–Yan production → sea quarks. 
• Hope for data 2021+.



Light ions at EIC: physics
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W. CosynLight ions at EIC: physics objectives

⌅ Neutron structure
I flavor decomposition of quark PDFs/GPDs/TMDs
I flavor structure of the nucleon sea
I singlet vs non-singlet QCD evolution, leading/higher-twist

effects

⌅ Nucleon interactions in QCD
I medium modification of quark/gluon structure
I QCD origin of short-range nuclear force
I nuclear gluons
I coherence and saturation

⌅ Imaging nuclear bound states
I imaging of quark-gluon degrees of freedom in nuclei

through GPDs
I clustering in nuclei

Need to control nuclear configurations that play a role in
these processes

Wim Cosyn (UGent) DIS2019 Apr 9, 2019 4 / 15

• Deuterons are particularly interesting due to their spin-1 nature. Several 
vector and tensor-polarised structure functions can be introduced and 
studied. 

• Can extend to LHC fixed-target programme 



Spin
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Spin and flavour structure of the nucleon
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A. Stasto 
B. Surrow

EIC possibilities: 
• g1 projections for 10 fb−1 
• Impact on quarks and gluon distributions



LHCSpin motivation
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L. Pappalardo



Prospects of SoLID at JLab
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Eγ (GeV)

• Upsilon production can be 
done at EicC (Y. Zhao) 

• Also parity-violating DIS and 
other topics

Timeline: 
• The 2019 Director’s review will be held soon.  After that, science review will 

be requested. 
• Hope that project will start in FY21 and will take around 5 years to have 

experiment running.

Y. Zhao



Gluon TMDs in pp collisions
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F. Murgia -INFN Cagliari DIS 2019 Torino 10 

𝒑𝒑(↑)  →  𝑱 𝝍 + 𝑿  - Comparison with PHENIX data 

U. D’Alesio, FM, C. Pisano, P. Taels, PRD 96, 036011 (2017) 

Bands obtained by maximising the Sivers effect and 
applying different approaches

F. Murgia

• One of the LHCSpin 
physics possibilities. 

• PHENIX data on 
single-spin 
asymmetries can 
already help 
constraining the 
magnitude of gluon 
Sivers function. 

• Also discussed in 
WG6
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Gluon TMDs in ep collisions P. Taels

 3 3

e+ p ! e+ J/ + jet
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Resulting cross section

Similar structure as in the case of dijet or heavy-quark pair 
production Pisano, Boer, Brodsky, Buffing & Mulders (2013); 

Boer, Mulders, Pisano, Zhou (2016)

 10

Definition of the angles

work in lepton plane 

|K?| =
PQ? � pj?
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|q?| = PQ? + pj?
<latexit sha1_base64="rd9fsRSoawxtpewcsP2vmV9NJM0=">AAACE3icbZDLSsNAFIYnXmu9RV26GSyCKJSkCroRim5ctmAv0IYwmU7asZNknJkIJc07uPFV3LhQxK0bd76NkzYLbf1h4OM/5zDn/B5nVCrL+jYWFpeWV1YLa8X1jc2tbXNntymjWGDSwBGLRNtDkjAakoaiipE2FwQFHiMtb3id1VsPREgahbdqxIkToH5IfYqR0pZrHo/v3S4ngsPxZc1NugFSA4xYUk8nbnrC3eRuiq5ZssrWRHAe7BxKIFfNNb+6vQjHAQkVZkjKjm1x5SRIKIoZSYvdWBKO8BD1SUdjiAIinWRyUwoPtdODfiT0CxWcuL8nEhRIOQo83ZntLGdrmflfrRMr/8JJaMhjRUI8/ciPGVQRzAKCPSoIVmykAWFB9a4QD5BAWOkYizoEe/bkeWhWyvZpuVI/K1Wv8jgKYB8cgCNgg3NQBTegBhoAg0fwDF7Bm/FkvBjvxse0dcHIZ/bAHxmfP4VQnzM=</latexit>

|q?| ⌧ |K?|
<latexit sha1_base64="Oan4qERDMVIR03bwrhv+pum2WgY=">AAACAHicbVDLSgMxFM3UV62vURcu3ASL4KrMVEGXRTeCmwr2AZ1hyKSZNjSTiUlGKNNu/BU3LhRx62e4829M2xG09cCFk3PuJfeeUDCqtON8WYWl5ZXVteJ6aWNza3vH3t1rqiSVmDRwwhLZDpEijHLS0FQz0haSoDhkpBUOriZ+64FIRRN+p4eC+DHqcRpRjLSRAvtgdB94gkgBRx5jo5ufR2CXnYozBVwkbk7KIEc9sD+9boLTmHCNGVKq4zpC+xmSmmJGxiUvVUQgPEA90jGUo5goP5seMIbHRunCKJGmuIZT9fdEhmKlhnFoOmOk+2rem4j/eZ1URxd+RrlINeF49lGUMqgTOEkDdqkkWLOhIQhLanaFuI8kwtpkVjIhuPMnL5JmteKeVqq3Z+XaZR5HERyCI3ACXHAOauAa1EEDYDAGT+AFvFqP1rP1Zr3PWgtWPrMP/sD6+AboApaZ</latexit>

TMD regime:

Linearly polarised gluons in unpolarised target.

Asymmetries of >10% 
in observable regions 



Chiral-odd GPDs at EIC

!39

W. Cosyn

Diffractive electroproduction of two vector mesons

h h'

⌅ Two vector mesons are separated by

large rapidity gap

⌅ Ordering of scales: invariant mass of

two vector mesons s o
hadron-(ρ+/ω) invariant mass

s ∼ p o ΛQCD

⌅ Pomeron → two gluon exchange

⌅ No gluon contribution as Pomeron is

C-even

⌅ All the hard work already done for the nucleon in

⌅ Extension for deuteron straightforward

Wim Cosyn (UGent) DIS2019 Apr 10, 2019 8 / 14

Diffractive electroproduction of two vector mesons

γL/Td → dρ
L
ω
T

PRELIMINARY

⌅ Chiral odd deuteron GPD

⌅ Calculation at ξ = � � t ≈ tmin
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γL/Tp → nρ
L
ρ+

T
PRELIMINARY

⌅ Chiral odd nucleon GPD

⌅ Calculation at ξ = � � t = tmin

2 4 6 8 10
pT [GeV2]
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SIDIS off transversely polarised deuterons at 
CERN

!40

A. Martin

Approved to run at SPS in 2021. 
6LiD target, 160 GeV muon beam with the same integrated 
intensity as 2010, expected N = 80 × 106

A gain of factor 2 – 5 
for Collins asymmetry 
on deuteron

A gain of factor 2 – 4  
for uv and dv.



QCD facility at CERN, COMPASS/AMBER

!41

V. Andrieux 
B. Badelek 
S. Gevorkyan

Kaon structure 
Use prompt photon and J/ψ channel and K+ and K– beams 
• About 106 events in each channel. 
• No competition. 
• Also kaon-induced spectroscopy.

Pion structure 
In Drell–Yan process 
• A factor of 10 more statistics 

than currently available. 
• To make first precise direct 

measurement of pion sea.



Proton radius at COMPASS/AMBER

!42

C. Dreisbach
arXiv:1706.00696 & 
EPPSU input 143, 
COMPASS/AMBER

Propose to measure proton charge radius in 
high-energy µp scattering

Part of COMPASS/
AMBER proposed 
programme. 
To measure “with a 
statistical accuracy 
of 0.01 and 
considerably 
smaller systematic 
uncertainty.” 
Address issues of 
current values. 
Very important, 
but challenging 
measurement.



Summary 

!43

• Several exciting ep/eA colliders in the future and we hope that   
> 1 will be realised. 

• They will investigate a wide range of physics and we will learn a 
lot particularly about QCD. 

• There are many possible experiments which will complement 
these efforts in physics and timeliness. 

• Let’s hope a lot of the futures session moves to the present ! 
• Thanks to all the speakers and organisers.
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Back-up



Shear forces and tensor polarisation

!45

O. TeryaevGravitational Formfactors  
(spin ½) 
 
� Conservation laws - zero Anomalous 

Gravitomagnetic Moment :                 (g=2) 
 
 

� May be extracted from high-energy 
experiments/NPQCD calculations  

� Describe the partition of angular momentum between 
quarks and gluons 

� Describe interaction with both classical and TeV 
gravity  

 

Spin-1 hadrons  

� MANY new FFs! 
� Recent extensive analysis    
� Cosyn,Cotogno, Freese,Lorce:   

1903.00408 
� Polyakov, Sun: 1903.02738 
� A lot of integral relations between GPDs 

and FFs 
 
 

Similarly to EM form factors, also gravitational form factors can be introduced, 
in a decomposition of the matrix element of the energy-momentum tensor 
operator T. 
Spin-1/2 hadrons:

Spin 1 may be particularly interesting because tensor polarisation could couple 
to the energy-momentum tensor



NICA at JINR Dubna

!46

 
NICA: heavy ions and hadrons  

Proton and ion beams with energy
pp  √spp = 12 − 26 GeV                    Lmax ≈ 1×1032 cm-2s-1  
dd  √sNN = 4 − 13.8 GeV

Possibility to include also electron beam and perform eA scattering; electron 
beam parameters to be determined

O. Teryaev



Detectors for future colliders

!47

• LHeC design and issues: 
- Baseline borrows from e.g. ATLAS experience and developed for 2012 

CDR. 
- Needs some re-consideration given high-luminosity running, e.g. heavy-

flavour tagging for Higgs events. 
- Interaction region and integration with ERL are challenging. 

• EIC design and issues: 
- Three similar concepts, BEAST, JLEIC and ePhenix and one different, 

TOPSiDE. 
- Jets are typically low multiplicity and soft → need good HCAL. 
- Need calculation of luminosity for polarised beam (invitation to theorists).

• We want to measure the lowest and highest x values possible. 
- Full angular coverage a challenge.  
- Proton and other forward taggers need to careful integration. 
- Integrated detector and beam line design from the start.

A. Kiselev 
P. Newman



Jet physics at EIC

!48

B. Page 
K. Lauder

pT(jet)

η(jet)

Dominated by resolved processes; 95% 
jets have pT(jet) < 10 GeV. 
Consider jet substructure, e.g. angularity:

Investigating higher-order theories and 
power corrections. 
Jets are going to be important at the EIC. 
New MCs for EIC, e.g. JETSCAPE. 
Will need good detector for jet and jet 
substructure studies.



PERLE

!49

W. Kaabi

A proposed multiple pass ERL based on SRF technology, to serve as a testbed 
for validating and testing a broad range of accelerator phenomena & technical 
choices for future projects, in particular the LHeC.

Very valuable accelerator R&D 

An ERL represents most effective 
system to have 50/60 GeV electrons 
for LHeC.


