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MASS IN THE UNIVERSE
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EMERGENCE OF HADRON MASS
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➢What is the origin of EHM?   
➢Does it lie within the Standard Model, i.e., within QCD? 
➢What are the connections with …   

– Gluon and quark confinement? 
– Dynamical chiral symmetry breaking (DCSB)? 
– Nambu-Goldstone modes = π & K? 

➢What is the role of Higgs in modulating observable properties of 
hadrons? 
– Critically, without Higgs mechanism of mass generation, π and 

K would be indistinguishable 
➢What is and wherefrom mass?

COMPASS++/AMBER 

Higgs mechanism is a minor contributor to the 
mass of hadrons!

Experiment: 

PDFs 
Form-factors and radii 

Polarizabilities 
Hadronic spectra 

…



STATUS OF MESON PDFs
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GRV (1992) set of pion PDFs: Drell-Yan, charmonia and 
prompt photon production experiments (E615, NA10, 
WA70, NA24). 

SMRS (1992): basically the same old data. 

JAM (2018) set: production of leading neutrons in DIS at 
HERA (ZEUS, H1). 

XFITTER (2020) - reanalysis of existing data 

Kaon PDFs: just 700 kaon-induced DY events at NA3



COMPASS++/AMBER
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Apparatus for Meson and Baryon 
Experimental Research 

— a new QCD facility at the M2 
beam line of the CERN SPS

LS2 LS3

2022 AMBER

Phase-1 
(already approved) Phase-2 



PHASE-1 (APPROVED)
➤ Proton radius measurement 

with muon beam and TPC as 
active target
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➤ Antiproton production yield — input for astrophysical 
search for Dark Matter

➤ Pion-induced Drell-Yan and 
charmonia production with 
both π+ and π−



RF-SEPARATED HADRON BEAM FOR AMBER 
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ΔΦ

L

Length of our beamline

It would be the only O(100) GeV beam in 
the world that delivers high-energy 
(charged) kaons AND anti-protons with high 
intensity. It would be the world-highest 
energy kaon beam used for a fixed-target 
experiment.



KA0N-INDUCED DRELL-YAN & CHARMONIA PRODUCTION
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1) Valence/sea separation 
RS/V =

σK+

σK− − σK+

Model-dependent separation of  
and  contributions 

using data collected with both 
positive and negative beams. 

gg
qq̄

 production - free of feed-down 
effect from  and 
ψ(2S)

χc1 χc2

DY

J/ψ

2)  - ratiouK(x)/uπ(x)
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PRODUCTION OF PROMPT PHOTONS

pT > 1 GeV/c

Assumed for kaon similar 
PDFs as for pion (GRV)

Gluon Compton scattering

qg → qγ qq̄ → gγ
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KAON SPECTROSCOPY
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only 12 kaon states in summary table, 13 
need confirmation; 
most PDG entries more than 30 years old;  
since 1990 only 4 kaon states added to 
PDG (only 1 to summary table)  

25 kaon states below 3.1 GeV can 
be found at PDG. But:

COMPASS:  events 
AMBER:

7 × 105 K−π+π−

> 1 × 107
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We plan to rewrite 
completely the kaon 

part of PDG!



KAON POLARIZABILITY VIA PRIMAKOFF SCATTERING
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PT  prediction O(p4):χ
↵K + �K = 0

↵K = ↵⇡ ⇥ m⇡F 2
⇡

mKF 2
K

⇡ ↵⇡

5

αK<200×10-4 fm3  (1973) 

- from kaonic atoms spectra

Experimental results:

Quark confinement model:
↵K + �K = 1.0⇥ 10�4fm3

↵K = 2.3⇥ 10�4fm3

⇡ 0.6⇥ 10�4fm3

Theoretical predictions:
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KAON FORM FACTOR & K-e ELASTIC SCATTERING

12

σstat ≫ σsyst



SUMMARY
➤ No claim to have understood the Standard Model is supportable 

until an explanation is provided for the emergence and structure of 
Nambu-Goldstone modes. The emergence of hadron mass is the 
central part of the proposed AMBER physics program with conventional 
pion and RF-separated beam, i.e. for both Phase-1 and Phase-2. It will be 
attacked from several directions:  

➤ study of the parton structure of mesons via Drell-Yan pair 
production, charmonia and prompt-photon production; 

➤ investigation of resonant and dynamical properties in spectroscopy; 
➤ clarification of the Nambu-Goldstone nature of pion and kaon in low-

t reactions. 
➤ AMBER at CERN is unique in providing real pion and kaon beams. 
➤ Phase-1 of the experiment is already approved. 
➤ Phase-2 proposal is under preparation! 
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