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Inner structure of protons and nuclel
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Inputs received

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

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

Community Support for Physics with high-luminosity proton-nucleus collisions at the

170 | Highlights of the HL-LHC physics projections by ATLAS and CMS A: Exp Collaboration LHC ATLAS+CMS 224 |\ he C: Community (specific) HI at HL-LHC
23 Prospects and Opportunities with an upgraded FASER Neutrino Detector during the A: Exp Collaboration LHC FASER 2 | Light lon Collisions at the LHC C: Community (specific) HI Light ions LHC

HL-LHC era: Input to the EPPSLU

19 | The Forward Physics Facility at the | arge Hadron Collider A: Exp Collaboration LHC FPF 29 | Strategy for the Future of Laftice QCD C: Community (specific) Lattice QCD

82 | Heavy ion physics with LHCb Upgrade I A: Exp Collaboration LHC LHCh 103 | Nuclear Physics and the European Particle Physics Strateqy 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 “:H“L’”Ef:fd with
Prospective report of the French QCD community to the ESPPU 2025 with respect to Cntmas )
235 | Summary Report of the Physics Beyond Colliders Study at CERN A: Exp Collaboration SPS, .. PEC > | the program of the LHC Run 5 and beyond and future colliders at CERN = lniliErEs e France QCD

Synergies between a U.S.-based Electron-lon Collider and European Research in
Particle Physics

114 B: Future Colliders eh: EIC USA

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

20 contributions plus input from MuCaol,
i contacts with the global (n)PDF and TMD
e groups, GPD community, and lattice groups.

241 | The FCC integrated programme: a physics manifesto B: Future Colliders FCC
247 | ECC Integrated Programme Stage 2: The FCC-hh B: Future Colliders FCC
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Proton collinear PDFs: state -of-the -art

0 Methodology : complex error analysis (CT, MSHT, NNPDF; HERAPDF, ABMP).
0 Theory: approximate N3LO QCD PDFs + QED (MSHT, NNPDF); MHOUs.
Data: “ (5000) data points, complementarity between HERA, fixed target and LHC.

Challenges

3 Data: tension between datasets, need of information about systematics.

3 Parametrisation/methodology biases & uncertainty estimation: closure tests.

3 How the PDF sets absorb experimental and theoretical inconsistencies.

3 MHOs: nuisance parameters or inclusion of even higher orders: aN3LO QCD+QED, 2 sets available
and combined. "
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Nuclear collinear PDFs: state -of-the -art

Methodology : complex error analysis (nCTEQ, EPPS, nNNPDF, TUJU, KSASG).
Theory : NLO/NNLO.

Data: “ (2000) data points, complementarity between fixed -target eA & pA, and LHC.

Challenges

3Dat a: l ncompati bi | 1 tpPe@LHC and prablameas toduaetothers((d) Yis UPCs).n
3 Parametrisation biases & uncertainty estimation.
3 Sizeable differences up to a factor 2 between sets, within uncertainties.

0
O

0
0

v Illlll I v Illll I LR I v IIIIII I v IIIIII ! v IIIIJ__ — B I |||||T|] |||||||T| I ||||||T| ||||||||| | LI — B I |||||||| ||||||||| | |||||||| ||||||||| LI —_ B I TTTI L | ||||||T| ||||||||| |r|||||
_ ALICE = (y =0) —LHC dijet | N 1.8 - =—— EPPS21 Mo 18 | —— EPPS521 Ho 18 | — EPPS21 | Jﬁ
s | RHIC 7 (v — 0 > - —— nCTEQISHQ (] = n —— nCTEQISHQ I = n —— nCTEQI5 HQ|
107 E w(y=0U) O 4L —=nNNPDF30 i O 14 [ —= aNNPDF3.0 Al O 4 E ~—— nNNPDF3.0 |
= LHC Z & Drell-Yan LHC direct photon = E il = B il = e e {
u Neutrino DIS Il /] Il I 10 E s Z
1 B Neutral-current DIS %u = D - . _f-.-_:-‘ .1_ ]
1) E pA Drell-Yan B = =
- LHC W 5:5:.1; o %;t;
< B LHC direct photons
" 1[]3 B LHC beauty -5 -4 - -2
D = LHC charm T T
~3 - — LHC l::l.'lj'l'_"t&- 2311-00450 . I8 MLBLALLL LR ELLLL B L B R |ij”i|jg . . . B | LI | -lIIIIII
u - Y g 8 - —— EPPS21 S ] & & = EPPSs2I -
& 9 B A Drell-Yan "o . —— nCTEQISHQ I:I : Ilh . v . —— nCTEQI5HQ ,;'f 'J
100 E / E 1.4 |7 nNNPDF3.0 [ 1:21 E E 1.4 [-"== nNNPDF3.0 o
- I . I I -
'E'E;EE"‘"' ) " EE;“ ,;E; =
1 Lol L1l Lol Lol l_l{;q B . 10 10" 107 107 10" 1 1w’ 1w' 1w® 1w0* 1w’ 1
T T
-G -5 - -3 -2 -1
10 10 10 10 10 10 1

T 6 N. Armesto, June 23rd 2025



Collinear PDFs: precision physics

0 PDFs essential for precision physics , ST 2410.00963
studies: o L . .
3 Dominant uncertainty of many SM parameters: &, .
ATLAS (0.0005/0.0009), and CMS My, S S I 7Y S = |
(4.4/9.9 MeV) and sinf—y, (0.0027/0.0031). O s s i B B & : :Z;ﬂ;;;::lif: =
3 Differences between PDF sets, profiling R N ————— o.e_—gts;:i;mii;igw WY -
delicate, simultaneous PDF+SM parameter fits. ; —E' — —— 200 1000 20'?3 . 3000 4000
05.n30(M2) = 0.1170 £ 0.0016 jeesronmromm.
2404.02964
0 High mass (large x): sizable uncertainties, charged jets
BSM can be hidden in PDF uncertainties. i .l.oznzmsmoess 1
0 NPDFs may mask QGP-like effects In e

POWHEG+PYTHI1AS (Dijet)
— EPPS16

small systems, e.g., pPb or pp. RO SR v+

0 NnPDFs provide sizable uncertainties for e g T TR
QGP characterisation in PbPb. G X2
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Collinear PDFs: goals and challenges

0 Data: substantial progress expected from the complementarity of upcoming and
proposed experiments + need of controlled systematics and correlations,
Inconsistencies?

0 Methodology : numerous developments, parametrisation + Increasing complexity,
need of control precisions, tolerance?

0 Theory: N3LO PDFs coming, and inclusion of theoretical uncertainties, crucial
to achieve the required precision + understanding of theoretical uncertainties and
possibility of higher order calculations.

0 Standard Model/BSM Parameters (including QGP characterisation and the
small system problem) : driven by PDF precision/accuracy improvements
understanding the assumptions underlying profiling and their impact, separating
out GnewyY effects from PDFs, compl ement
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TMDs: state -of-the -art

0 TMD factorisation appears in two -scale problems , e.g., Q and g+ in DY.

0 TMDs contain perturbative & non-perturbative pieces; linked to collinear PDFs/FFs.
0 Numerous sets/approaches, large perturbative accuracy (N4LL, required by data).

0 Also extracted from lattice and related with small -x physics (CGC).

O Nuclear effects in TMD analyses through nPDFs.

0 Different non-perturbative modelling and collinear PDFs sets difficult to compare.

Drell-Yan Semi-inclusive DIS
A L A A AL 10F === NLO IFY23 MAPMFI & LPC23 -
MAPTMD2024, 1 | | NLL ART23 PB24 i DWFA4
h MAPNN25 EEC24 ART25 {  This Work
- - -~ = 0.5 MAP22 ASWZ24
EMMJ/ZZ;E \ _

2 . -"
\.\ T .
9 e _ .~ 0.01 b INS : T
| R ebdad L
L - v ! e ~ ’ .
| — E605 ] |V: L | _ 47 Vi
M Sipi Quark Spin | — 772 é 1 > —05 z ‘ 1 ‘
— E288 &~ I
F —— STAR 3
Quark Polarization < F —— PHENIX ]
[ —— CDF ] -1.0¢

: - 7 i mf.‘f | Tl
‘ b¢ \~\ =l B "l
L \\\\ =3 -
\\ .
Un-Polarized Longitudinally Polarized Transvers ely Polarized - = 0 - S
(u) (L) i LHCb i %
e —— CMS g W
) = [ ATLAS ] —1 '5 i 1 1 1 1 1 1 \; 1 §
=\ * - = HERMES -
Unpolari - COMPASS - 00 0.1 0.2 0.3 04 05 06 0.7 0.8

g1 == | i =) 0 10 10-? 102 10! 10
Helicity YWorm-gear : T , CS kernel

s 9 N. Armesto, June 23rd 2025




GPDs: stqte -of-the -art
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0 Measured In exclusive processes : DVCS, TCS (NNLO), exclusive VM production
(NLO?), DDVCS, 2 to 3 processes like[ ror r-meson, transition GPDs/DAs,...

0 Relation with the QCD energy-momentum tensor.

0 The partonic profile of hadrons can be extracted dependent on X.
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TMDs and GPDs: goals and challenges

0 Data: substantial progress expected from upcoming experiments (EIC) + need of
large amounts from different observables in order to constrain the numerous TMDs

and GPDs, e.qg., gluon, flavour dependence.

0 Methodology : many developments, several parameterisations, full method of
extraction still lacking for GPDs t+ increasing complexity (TMD PDFs and FFs have
to be Included), interplay with collinear PDFs and FFs, extension to nuclel.

0 Theory: for TMDs large perturbative accuracy available, crucial to achieve the
required precision; for GPDs NNLO DVCS available but not yet full NLO evolution
understanding of theoretical uncertainties, extension to small x and relation with
other formalisms, possibility of using non -perturbative information from lattice;
completion of the missing pieces.

0 Precision : . from low transverse momentum DY, M, In hadronic colliders,...
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Small x : state -of-the -art and challenges

H1 and ZEUS

1 01In QCD at high energies , fixed-order perturbation theory
-~ (near, DGLAP) eventually falls resummation, non-linear
effects (saturation, driven by density).

| O NLO calculations available in both regimes dilute (BFKL+coll.
. res., DIS and| rcross sections, jet-gap-jet observables, H, heavy
guarks) and dense (CGC: JIMWLK/BK+ coll. res., DIS cross

. sections including HQs, single particle/jet and DY+jet in pA, single
hadron, dihadron and dijet in DIS, non-eikonal corrections).

0 Challenges:

( Experimental data
Inconclusive: lever arm In

x |["F @ DENSE N | [fixed Q]
Q¢ at small x, proton and = el # REGION s> N
_ =2 ¥ 4 DENSE

nuclei. : O\ ReGioN o
Q Complete NLO E BK/JIMWLK ” o \\ ':\ ,,f'l

calculations: stability?; 2 DILUTE 5~ AN

- v REGION | (@ 7 eA

target modelling. ; o % ¢/ - /.;\ \
 Relation with TMD o S— REGION \ @' L

factorisation, and search of In Agen n Q In A

unified evolution. 12
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c(x, M—=130 MeV)

Lattice: state -of-the-art and challenges

0 Since 2013, lattice QCD has provided 1st -principles PDFs, TMDs and GPDs.

0 2+1(+1) flavors (physical m for some quantities) achieved.

O Challenges : signal-to-noise ratios, extrapolation to physical m , uncertainties for large
and small x; lattice results into global fits (already done for COI\/IPASS transversity TMD).
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Kinematic planes for proton

2|r|;|<|i:z/|.3|:4.0: Kinematic plane for proton LHC: W(+jet), Z, DY,
| 109 - jets and dijets, single
2109.0265° - and top pairs (+jet),
Fixed-target DIS .
Isolated photons
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s _
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O /

X

HERA: NC, CC and jets In DIS
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NC(I*) and CC(v) DIS


https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2109.02653
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ALICE FoCal:
photons,

electrons (J/G )
and Jets
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1504.04855,
strangeness
through charm
tagging at SHIP

size of uncertainty on s°

Kinematic planes for proton
1810.03639, HL-LHC
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be different.
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Kinematic planes for proton

Kinematic plane for proton
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Kinematic planes for proton
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Kinematic planes for nuclel

Kinematic plane for nuclei
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GPDs: experimental prospects
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