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Open fundamental questions in QCD
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QCD partons in 
hadronic systems

The excitation scheme 
of hadronic systems

Measurable quantities: (iso)spin-parity, 
masses, couplings and decay widths

[from: B. Grube, EHM 
workshop (2020)]

The complete picture: 
Wigner distributions

[from: Lorcé, Pasquini, 
Vanderhaeghen, JHEP05 (2011)]



Masses of the light hadrons
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• As composite systems, we want to understand hadrons in terms of their constituents: the QCD 
quarks and gluons

• The Higgs mass of the valence quarks contributes only little to the physical hadron masses
• Pion-to-proton mass ratio 1/7 much different from the constituent-quark inspired value of 2/3



Emergent Hadron Mass
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• Dynamic generation of mass in continuum QCD
• Gluon self-interaction in the infra-red leads to gluon “self-mass generation” 

• Emergence of Hadron Mass is to some extent understood within continuum and lattice QCD calculations
• Prove and provide more input by measurement of

• Quark and gluon PDFs of pion, kaon and proton
• Hadron radii as consequence of confinement
• Mass spectra of excited mesons 



AMBER physics programme
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Phase-1
with conventional 
hadron and muon 

beams
2022 → 2028

Phase-2
with conventional 
and rf-separated 

beams
2029 and beyond

• Letter of  Intent 2018 as 
COMPASS++/AMBER 
(arXiv:1808.00848) for upgrades 
and extensions of the setup

• Use of conventional and radio-
frequency (RF) separated beams

• Proposal in two Phases
• Phase-1 approved by SPSC in 

December 2020
• Phase-2 in drafting stage, plan 

to submit in first half of 2023

• MoU draft close to final, 
signatures expected by end of 
2022

https://arxiv.org/pdf/1808.00848.pdf


AMBER Collaboration and timelines
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COMPASS• Successor of

• with appropriate extensions and 
modernisations 

• at the CERN M2 beamline
• ~200 physicists from 34 institutes



The ideas of the Phase-2 proposal

8.11.2022 Jan Friedrich 7

• Kaon structure via the 
Drell-Yan process

• Primakoff reactions to 
investigate Kaon-photon 
coupling: Kaon 
polarisability,  𝐹𝐾𝐾𝜋

• Spectroscopy of mesons 
with strangeness

• Gluon structure of pions and 
kaons via prompt photons

• Diffractive production of 
vector mesons and di-jets to 
study distribution amplitudes

• Meson charge radii via 
electron scattering in inverse 
kinematics



Conventional vs. rf-separated beams
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• Panofsky-Schnell-System for beam particle species 
discrimination: same momentum but different velocities
• For M2: Interest in 𝐾− and  antiproton beams
• Technique and options covered in the following talk by 

F. Metzger
• Increase of the purity of the kaon (or antiproton) component
• Same or reduced  intensity of the desired component 

(compared to original beam)
• Only possible at beam energies less than about 100 GeV
• Promising option for part of the program: Primakoff, 

spectroscopy, kaon radius
• For physics requiring high intensity and energy: Upgraded 

conventional beam could be good alternative

• Follow-up one-day workshop with the 

CERN accelerator group



Beam PID by CEDARs
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• High-efficiency and high-purity beam particle identification is of key importance in all 
scenarios of hadron beams

• Optimum operation not only concerns mechanics and optics (temperature stabilization, 
photon detection), but as well parallelism of the incoming beam → material budget of the 
beamline

from: P. Jasinski, PhD thesis



Kaon structure via the Drell-Yan process
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• Available data

• Only 700 events from NA3

• The kaon valence distributions are practically unknown

• There is no data on kaon sea and gluon content

NA3: PLB 93 (1980) 354

• Kaon valence PDF: can be addressed with negative kaon beam

• Kaon sea PDF: combine the two beam charges

• Prospects for AMBER measurements

𝑅𝑠/𝑣 =
𝜎(𝐾+)

𝜎 𝐾+ + 𝜎 𝐾−



Exotic mesons
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Limitations at COMPASS
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COMPASS: 𝑲- 𝝅− 𝝅+
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Hadron charge radii
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Simulations for pions and kaons
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Conclusions
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https://home.cern/news/news/physics/meet-amber • NA66/AMBER at CERN has started its 

Phase-1 of a broad hadron physics 

programme at the M2 beamline

• The physics cases of Phase-2 are being 

worked on for a proposal to SPSC in 2023

• The options for identifying and/or enriching 

the kaon beam component are further 

studied – an enhanced conventional 

beamline may be equally acceptable or 

preferable for many of the investigated 

physics cases

https://home.cern/news/news/physics/meet-amber


Backup
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Hybrids: Lattice QCD
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Limitations at COMPASS

8.11.2022 Jan Friedrich 19



Setup for strange-meson spectroscopy
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Kinematics for different beam particles
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Q2 range and radius effect
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Mass budgets for proton, pion and kaon
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• The mass composition of the proton is structurally 
different from that of pions and kaons 

• Pions and kaons are the Nambu-Goldstone bosons of the 
(approximate and spontaneously broken) chiral symmetry 
of strong interaction

• In the chiral limit
• the mass of the proton remains basically unchanged
• pions and kaons are massless

Thus for a full understanding the partonic structure of 
hadrons, the meson PDFs must be known on a similar 
level as those of the nucleon 



Gluon PDF of the pion
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Antiproton production cross-sections
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cross section 

propagation



Antiproton measurements at AMBER
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• Parameter space for 
the p-He channel 
corresponding to an 
exemplary fixed target 
experiment

• 3% relative uncertainty 
within the blue regions 
(30% outside) 

• Secondary p beam with 50, 100, 150, 200, 280 GeV
• Liquid H2 and He target
• Minimum bias trigger allowing beam intensity of 5 ⋅ 105 s–1

• Beam proton ID in CEDARs, antiproton ID in RICH
• Measure differential cross section in 10 bins in pp & η
• 2.4<η<5.6
• Statistical uncertainty ≈ 0.5 − 1% per data point
• Total systematic uncertainty ≈ 5% (efficiencies, dead time) 
• AMBER pilot run for antiproton production measurements is 

scheduled in the end of 2022 (LD target, setup tests , rates) 
• Main run is planned to 2023 



Drell-Yan and pion PDFs at AMBER
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pion

nucleon

di-lepton

• Iso-scalar target (12C) to minimize nuclear effects 

• Beams of positively and negatively charged pions to separate 
valence and sea contribution: 

• 250k DY events expected (current available statistics 25k events) 
• First precise and direct measurement of the sea quark 

distribution in the pion 
• 190 GeV pion beam 
• Target / vertex detector / hadron 
• absorber 
• Radiation protection 
• Di-muon mass resolution of 100 MeV 

Σsea
Σval

=
4𝜎𝜋

+𝐶 − 𝜎𝜋
−𝐶

−𝜎𝜋
+𝐶 + 𝜎𝜋

−𝐶



J/ψ production at AMBER
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• Large statistics on J/ψ production at dimuon channel            
(30-50x ‘DY clean region’) 

• Inclusive measurements: due to the hadron 
• absorber prompt production from the rest can’t be separated 
• Expected significant feed-down: ψ(2S), χc1, χc2

• Expected to have dominant contribution from 2→1 processes 
• Use J/ψ polarization to distinguish production mechanism: 

polarization is sensitive to relative contributions of quark- and 
gluon-induced productions 

• Angular distribution

𝑑𝜎

𝑑 cos 𝜃
∝ 1 + 𝜆 cos2 𝜃

𝜆 = +1 ⟺ 𝐽𝑧 = ±1

𝜆 = 0 ⟺ unpolarised

𝜆 = −1 ⟺ 𝐽𝑧 = 0

𝑞ത𝑞 → 𝐽/𝜓

𝑔𝑔 → 𝐽/𝜓


