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Inner structure of protons and nuclei

fd’" Major implications for particle
Wikolyited 4 W(x, 1z, br, kr) production: cross-sections, MC

Wigner distributions

modeling, astroparticle physics, ...

Fourier trf.
| b, <> A E=0
f(x,k,) f(x,b,) - H(x,0,1) =
transverse momentum impact parameter t=-4a generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
[ dx
' -> .‘
f(x) F (1) A ()+4E°A, () + ...
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations

+ also including Q° momentum-transfer scale dependences
and the dynamics of QCD at high energies (small-x physics)
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Inputs received

Title (link to file) Title (link to file)

68 | Input from the ALICE Collaboration A: Exp Collaboration LHC ALICE 69 | Future Opportunities with Lepton-Hadron Collisions C: Community (specific) DIS community

Community Support for Physics with high-luminosity proton-nucleus collisions at the 3 s :
170 | Highlights of the HL-LHC physics projections by ATLAS and CMS A: Exp Collaboration LHC ATLAS+CMS 224 | T he C: Community (specific) Hi at HL-LHC

Prospects and Opportunities with an upgraded FASER Neutrino Detector during the ! 2 2 | Liaht lon Collisions at the LHC G Commamiity (Soechc HI Liaht ions LHC
23| HL-LHC era: Input to the EPPSU A: Exp Collaboration LHC FASER - ity (specific) g
19 | The Forward Physics Facility at the Large Hadron Collider A: Exp Collaboration LHC FPF 29 | Strategy jor the Fuliwe of Latice QCD C: Community (specific) Lattice QCD
82 | Heavy ion physics with LHCb Upgrade I A: Exp Collaboration LHC LHCb 103 | Nuclear Physics and the European Particle Physics Strategy Update 2026 C: Community (specific) NuPECC

Personal inputs on

213 | LHCspin: a Polarized Gas Target for LHC A: Exp Collaboration LHC LHCb 174 | Phase-One LHeC D: Theory / Specific LHeC Etme:z:ed with
Prospective report of the French QCD community to the ESPPU 2025 with respect to : S 2
235 | Summary Report of the Physics Beyond Colliders Study at CERN A: Exp Collaboration SPS, ... PBC S| the program of the LHC Run 5 and beyond and future colliders at CERN E: National (specific) France QCD

i 2 2 - i ESPP - 2026 update: input from the Romanian experimental particle physics i Romanian
114 gyar:;crlgexe:hbv:it:vseen a U.S.-based Electron-lon Collider and European Research in B: Euture Colliders eh: EIC USA 193 i F: National (general) coRmrisy

214 | The Large Hadron electron Collider (LHeC) as a bridge project for CERN B: Future Colliders eh: LHeC

o B ... plus contacts with the global
227 | Prospects for physics at FCC-hh B: Future Colliders FCC (n) P D F a n d T M D g r‘o u p S : G P D
241 | The FCC integrated programme: a physics manifesto B: Future Colliders FCC CO m m u n ity y a n d I att i Ce g ro u pS .

247 | ECC Integrated Programme Stage 2: The FCC-hh B: Future Colliders FCC
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Benchmarks
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From these benchmarks = provide a table of physics outputs to be determined/explored,
versus approved & proposed new/upgraded experiments, with notes on sensitivity and

observables. To be discussed later today.
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Kinematic planes for proton
L HC: W(+jet), Z, DY,

Kinematic plane for proton

. jets and dijets, single

HERA and top pair (+]et),
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https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2109.02653
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Kinematic planes for proton

Kinematic plane for proton
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Kinematic planes for nuclei

Kinematic plane for nuclel
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https://arxiv.org/abs/2311.00450
https://arxiv.org/abs/2311.00450

Kinematic planes for nuclei

Kinematic plane for nuclei
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Kinematic planes for nuclei

Kinematic plane for nuclei
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Wigner distributions
[d'k,

[d’b,

W(X, 1z, bT' kT)

Fourier trf.
Kﬂ ‘v” bT — A ;‘: = 0
f(x,k,) flx,b,) | - H(x,0,1) - |
transverse momentum impact parameter §=-A generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
fdzk"‘ fdlb, fdx fdxx"’l
&f KA - >» «__»

f(x)
parton densities
inclusive and semi=inclusive processes

F,(1)

form factors
elastic scattering

generalized form
factors
lattice calculations

h

GPDs: theory

A, ()+4E°A (D) + e

Quark

Polarization quark polarization

y = - .
" oA 2 X
£ E /,-/ E, U H ET
TN z
¥y © — " -
S| T |E|E|Hp, Hy
Nucleon
Polarization
DGLAP ERBL DGLAP
T
—1 —f 5 1

Measured in exclusive processes:

e DVCS, TCS at NNLO.

e EXxclusive VM production: studies
to stabilise at NLO.

e Besides DDVCS, 2 to 3 processes
like diphoton or photon-meson.

e Target: transition GPDs/DAs.

e Pion, light nuclei,...
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GPDs: theory

H9(2,0,b,)(fm™2) . G 0 i R s ;
4 i H (Il,,O,bl)— (27T)2H (Il,,O,t)e . d:l?Hq(:l?,O,b_L):Fl(bJ_)

JLab Hall A JLab CLAS HERMES

xg=0.36 | xg=0.25 xg=0.09

e [he partonic profile of
hadrons can be extracted
dependent on x.

g 0.2 0.4, (devgg | 0.2 04, Gev? 0.2 E e
g0 flat in t ~ steep in't
| : narrow in by #’(‘_/;,,.ge-w**“""” wide in b,
0. by (fm) 2 0.1 . ——— :Jﬂ;@.,@dﬁ"’“ﬂ'},&f
B. Pasquini at DIS2025
B A P,o,,+ Py, AP o A A L = i N
p| Ty |p) = G(p') |A(t) 22X + J(t) 22— vope 5] ol PV
(Pl T [P) = u(p') ()MN + J(1) Mn + D(t) M u(p)
_ _ Relation with second-moments of GPDs: “Charges” of the EMT Form Factors at t=0
e Relation with the 4 =
o A ER e g ey s S A% (0) nucleon momentum carried by parton
energy-momentum tensor. [ drem@en =40+ D0
J9%(0) angular momentum of partons
ey amy 2 >
/d‘” zB(2,§,t) =2J(t) — A(E) — L D(£)¢ D?%(0) D-term (“stability” of the nucleon)
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Impact-parameter distributions: nuclear shape & deformation
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C. Keppel
at DIS2025

GPDs: existing data

Illll ! Ll lllllll

10 Current polarized DIS data:
" 0CERN A DESY ¢ JLab-6 o SLAC

e PHENIX x° 4 STAR 1-jet ¥ W bosons

10° 3
- o JLab-12

102 3

Q? (GeV?)

current polarized BNL-RHIC pp data:

J Adam et al !

Experiment Ref. Target | Analysis W (GeV) TR Q? (GeV?)
E80 (SLAC) 101] p A, 2.1to 2.6 | 0.2to 0.33 1.4 to 2.7
E130 (SLAC) 102] p A, 2.1 to 4.0 | 0.1to 0.5 1.0 to 4.1
EMC (CERN) 103 p A, 5.9t015.2 | 1.5 x 10™° to 0.47 | 3.5 to 29.5
SMC (CERN) 250] p, d Ay 7.7 to 16.1 | 10~ to 0.482 0.02 to 57
E142 (SLAC) 244] SHe A, A, 2.7to 5.5 [ 3.6x1072to00.47 | 1.1 to 5.5
E143 (SLAC) [245] p, d A, Ao 1.1to6.4 [3.1x102t00.75 | 0.45 to 9.5
E154 (SLAC) (246, 247] | *He Ay, Ao 3.5to84 | 1.7x 1072 to 0.57 1.2 to 15.0
E155/x (SLAC) | [248,249] | p, d Ay, Ay 3.5t09.0 [ 1.5x 1072 to 0.75 1.2 to 34.7
HERMES (DESY) 253, 254] | p, °He | A, 21t06.2 | 2.1 x10°% to 0.85 0.8 to 20
E94010 (JLab) 256 “He g1, g2 1.0to24 | 1.9%x107“to 1.0 0.019 to 1.2
EG1la (JLab) 257] p, d A, 1.0to 2.1 | 5.9 x 10™2 to 1.0 0.15 to 1.8
RSS (JLab) 258, 259 | p, d A, Ay 1.0 to 1.9 0.3 to 1.0 0.8 to 1.4
COMPASS 251 p, d A, 7.0 to 15.5 | 4.6 x 1073 to 0.6 1.1 to 62.1
(CERN) DIS
COMPASS 280 p, d A; 5.2t019.1 | 4x107° to 4x10~2 | 0.001 to 1.
(CERN) low-Q?
EG1b (JLab) (260, 261, | p, d A, 1.0te3.1 | 2.5 %107% to0: 1.0 0.05 to 4.2
262, 263]
E99-117 (JLab) 264] “He Ay, Ay 2.0 to 2.5 | 0.33 to 0.60 2.7 to 4.8
E£99-107 (JLab) 265] SHe g1, 9o 2.0 to 2.5 | 0.16 to 0.20 0.57 to 1.34
E01-012 (JLab) 266, 267] | *He g1, 9o 1.0 to 1.8 | 0.33 to 1.0 1.2 to 3.3
E97-110 (JLab) 268 “He gi, g2 1.0 to 2.6 2.8 x 107 to 1.0 0.006 to 0.3
EG4 (JLab) 269 p, n g1 1.0to 24 | 7.0x 107 to 1.0 0.003 to 0.84
SANE (JLab) [271] p Ay, As 1.4 to 2.8 | 0.3 to 0.85 2.5 to 6.5
EGldves (JLab) | [270] p A, 1.0to 3.1 | 6.9%x 1072 to 0.63 | 0.61 to 5.8
E06-014 (JLab) (272, 273] | *He g1, g2 1.0 to 2.9 | 0.25 to 1.0 1.9 to 6.9
E06-010/011 278] “He single 2.4 t029 | 0.16 to 0.35 1.4 to 2.7
(JLab) spin asy.
E07-013 (JLab) (72] “He single 1.7 to 2.9 | 0.16 to 0.65 1.1 to 4.0
Spin asy.
E08-027 (JLab) 309] g1, 92 1. to2.1 3.0 x 1073 to 1.0 0.02 to 0.4

+ polarlsed RHIC
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GPDs: experimental prospects

Experiment Observable Access to Reference
HL-LHC in collider and Exclusive quarkonium
fixed-target mode production and TCS in UPCs Quark and gluon GPDs 2012.14161
LHCspin TSSA in UPCs 2504.16034
EIC DVCS, exclusive VM production |Quark and gluon GPDs 2103.05419
LHeC DVCS, exclusive VM production |Quark and gluon GPDs 2503.17727
FAIR N+N—>N+7(90%+B Transition GPDs
E'ﬁif]t;"”"on Collider in DVCS, DVMP Quark and gluon GPDs 2102.09222
. . Proton, neutron and nuclear

CLAS12 luminosity upgrade DVCS. TCS. DVMP Quark and gluon GPDs

DVCS, TCS, DDVCS, exclusive
SoLID meson production on polarised Quark and gluon GPDs

proton and nuclear targets
JLab22 DVCS, ... Quark and gluon GPDs 2306.09360

red = ESPP submissions
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Small x: motivation

e In QCD at high energies, standard fixed-order perturbation theory (DGLAP,
linear evolution) must eventually fail:
-» Large logs, e.g., a_In1/x~1: resummation (BFKL, CCFM, ABF, CCSS).

=» High density = linear evolution cannot hold: saturation, either perturbative (CGC) or
non-perturbative.

e Non-linear effects driven by density, different from resummation: x|, Af.

H1 and ZEUS

1 T T llllll] T ]

08 —— HERAPDF2.0 NLO
' uncertainties:
E I experimental
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) [ parameterisation
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lll] T T T TTTTT

In 1/x

non-perturbative region
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QTGA (:Ba Qg)
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DILUTE
REGION @
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~ 1= Q? xx AY/3g~03

[fixed Q]
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&

€p

eA
DILUTE [ ‘},
REGION |\ @ %/

InQ:
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Small x: theory status

e LO calculations (single particle and particle correlations) do not allow a conclusive
comparison with data.

e NLO calculations in the dilute regime: BFKL at NLL (with coll. resummation)
o DIS cross sections.
o Photon-photon cross sections.
o Jet-gap-jet observables (Mueller-Navelet).
o Resummations for some observables: Higgs, heavy quarks.

e NLO calculations in the dense regime: JIMWLK/BK at NLL (with collinear
resummation)
o DIS cross sections: impact factors including HQs.
o Single particle/jet, and DY +jet, in pA: problems with stability; missing dijet and v+jet.
o Single hadron, dihadron and dijet in DIS: Sudakov resummation, relation with TMDs at
small x and link with CSS/DGLAP.
o Non-eikonal corrections.

e Relation with TMD factorisation, and search of unified evolution.

18 N.Armesto and A. Buckley, May |4th 2025



Small x: experimental situation

e Experimental observables where small-x effects (resummation, saturation)
have been claimed, none of them considered conclusive:

o DIS cross sections at HERA at small to moderate Q?: resummation has been suggested as
alternative to DGLAP fits, but several models are able to reproduce data.

o Two-particle correlations in the forward direction at RHIC: x not really small, and competes
with standard gluon shadowing.

o Two-particle correlations in small systems: theory lacks ingredients and presently contradicts
some features of data.

o Exclusive VMs in UPCs: competition with unknown gluon distributions, theoretical caveats.
o Jet-gap-jet (Tevatron, LHC) and photon-photon (LEP): inconclusive differences between NLL

BFKL and DGLAP. £, difference (%) 2903.05846 F a8 (%)

- 60
2

Lever-arm in
Q2 at small x
essentialll!

60
‘ llO
|
-0 -0
-60 -60
10+ 1072 102 10~4 10—3 102
X X

Q? (GeV?)
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Small x: experimental prospects

Kinematic plane for proton

Kinematic plane for nuclei

S TTTTTTTTYTYY'Y™ M

e Plus: PPS2 at CMS in the HL-LHC, diffractive observables at the EIC and LHeC,
photon-photon at LEP3/FCC-ee/CEPC/LC, FCC-hh and FCC-eh, ...
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https://arxiv.org/abs/2103.02752

Table comparing different projects

: fixed collider : EIC (FCC-eh)
Quantity or ¢ ¢ d FoCal SHIP  |Nc, ccandiets FPF | LEP3/
question/ arge moae Photons and v flux from in DIS, light and v flux from NC, CC and jets CEPC/LC
: mode (FCC-hh) ot charm, NC and | heavy flavour | charm, NC and | N DIS, heavy FEs of light and
experiment D B D, B. quarkonium J CC DIS ID, exclusive CC DIS flavour ID, ) J y
o il | diffraction exclusive Savy AUATES,
guarkonium, light hadrons, . .
i diffraction jets, vy
light hadrons UPCs
PDFS *%* **? *%* *%* ***? *%* *** _
n P D FS *%* *%* *%* *%* * %% *%* * %% _
TM DS * % * % * ? * Kk ? *% ?
GPDs * wx ? ? ok 2, ok i
Sma"?X * ***? ***? * * % **? * k% *
dynamics

***: top quality for providing input to determine/constrain the quantity or answer the question; **; medium
quality; *: poor quality; -: not applicable; ?: input particularly welcome
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