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AMBER  
approximately 10 years-long effort, LoI is submitted in Jan. 2019
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http://arxiv.org/abs/1808.00848
Apparatus for Meson and Baryon Experimental Research

> 270 authors 

We have started to work on physics program
of possible COMPASS successor ~ 10 years ago,

A  Number of Workshops has been organized,
for detail see  AMBER web page:

https://nqf-m2.web.cern.ch/

http://arxiv.org/abs/1808.00848


AMBER (Apparatus for Meson and Baryon Experimental Research)
A New QCD Facility at CERN SPS M2 beam line 
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Conventional muon/hadron
M2 beams



AMBER PHASE-1 (proposal submitted in Sep. 
2019, approved in Dec. 2020)
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PHASE-1

Conventional hadron and
muon beams

2022 ! 2027

PHASE-2

Conventional and RF-
separated 

Hadron/Hadron 
and muon beam

2029 and beyond
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Main bearing column of the AMBER is EHM

There are two bearing columns of the facility:

1. Phenomenon of the emergence of the hadron mass 
2. Proton spin (largely addressed by COMPASS)

FIRST, EHM:
How does the all visible matter in the universe come about
and what defines  its mass scale?

Unfortunately, the Higgs-boson discovery (even if extremely 
important) does NOT help to answer the question:

" The Higgs-boson mechanism produces only a 
small fraction of all visible mass
" The Higgs-generated mass scales explain neither 
the “huge”  proton mass nor the ‘nearly-
masslessness’ of the pion

Higgs generated masses of the valence quarks:  
M(u+d) ~ 7 MeV             M(u+s) ~ 100 MeV        M(u+u+d) ~ 10 MeV  

As Higgs mechanism produces a few percent of visible mass, thus the mass 
scale is defined by QCD mechanisms



EHM
(mass budget in proton, different QCD mechanism for Nambu-Goldstone 

bosons)

20/04/21 Oleg Denisov 7

Dressed-quark mass function M(p)
The proton mass in the chiral limit is close to its nominal mass, 
as quark «gain» a mass evolving in to constituent one as its momentum 
became smaller. 

It is very different for pion and kaon (lightest 
Nambu-Goldstone modes) as they are massles
in the chiral limit by definition.

Does this mean that their gluon content is equally small and different 
from the proton once?  ! Must Study PDFs

One of the possible proton mass 
decomposition (calculation on lattice) 

Yi-Bo Yong et al.,
Phys.Rev.Lett. 121 (2018) no.21, 212001
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Questions to be answered:

• Mass difference pion/proton/kaon 
• Mass generation mechanism (emergent mass .vs. Higgs)
• Gluon content, especially important pion/kaon striking difference

Methods:

As well Charmonia production, pi/K diffractive scattering

AMBER physics program
the issue of the emergence of the hadronic mass (EHM)



EHM
AMBER (pion induced DY)
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Pion structure in 
pion induce DY
Expected accuracy 
as compared to NA3

PHASE-1
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AMBER (kaon induced DY) 

Extremely important to compare the gluon content of kaon 
and pion (emergent mass)

Projected statistical errors after 140 days of running,
compared to NA3 stat. errors



Collected simultaneously with DY data, with large 
counting rates

Physics objectives:
• Study of the J/𝜓 (charmonia) production 

mechanisms (gg–fusion  vs q"𝑞–annihilation), 
comparison of CEM and NRQCD

• Probe gluon and quark PDFs of pion
(arXiv:2103.11660v1 [hep-ph] 22 Mar 2021)

• 𝜳(2S) signal study, free of feed-down effect
from and χc1 χc2

Method: Model depended separation of contributions 
from two competent processes using data collected 
with both positive and negative beams

AMBER 
Charmonium 

PHASE-1
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AMBER
Charmonium 

PHASE-1Improved CEM,
CT10 + GRS99 global

fit for prot./pion



Pythia-based MC simulation for prompt photons production was used
for preliminary estimation of kinematic range accessible at COMPASS. It
was compared with corresponding ranges accessible by previous
experiments with pion beams.

Possibilities to identify signal and reject background were tested. Some
optimization of the setup from point of the material budget was tested.

AMBER 
Prompt Photons

At the moment there is no experimental information about gluon contribution in kaon.
Calculations based on Dyson-Schwinger equations predict 6 times smaller contribution
at hadronic scale in respect to pion (Phys. Rev. D93 (7) (2016) 074021)



Hadron spectroscopy AMBER (kaon beam) 
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Hadron spectroscopy AMBER (kaon beam) 
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Measurement of kaon 
Compton scattering via the 
Primakoff effect and an RF 
separated beam for 
determination of the kaon 
polarisability, and kaon-
photon induced strange 
meson production
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Proton Radius Puzzle PHASE-1

AMBER
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Proton Radius Puzzle 
(Set-up and Simulations) PHASE-1

statistical precision of the proposed measurement, down 
to Q2 = 0,001 GeV2/c2, Cross section is normalised to the 

GD - dipole form factor



Proton spin structure
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Huge progress has been done by COMPASS on resolving spin crisis  and to study 3D structure 
of the nucleon in SIDIS, unpolarised DVCS and pion induced Polarised DY.  The final year of the 
SIDIS running with transversely polarised deuteron target is approved BY SPSC and scheduled 
to 2021. This will finalise our data set to TMDs in SIDIS process. 

Still new, unique measurements can be done to access:
• Orbital momentum of quarks and gluons via polarised DVCS process
• TMDs, in particular Sivers and Boer-Mulders functions in a clean, nearly
Model independent way via antiproton induced DY

Methods:
Drell-Yan 𝝁 𝝁`
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AMBER 
TMDs in antiproton induced DY

• Antiproton-induced polarised DY makes TMD’s extraction model 
independent 
• Allows to profit from good knowledge of proton PDFs (from SIDIS) 
and as alternative probe

permits to test TMDs universality
• New data on all TMDs induced asymmetries in both High Mass and 
J/Ψ  regions:

1. Model independent Boer-Mulders (quark-spin – quark-kT 

correl.) extraction (CPT equiv.)
2. Model independent Transversity extraction
3. Lam-Tung relation for antiprotons (QCD effects)
4. Sivers asymmetry (nucleon-spin – quark-kT

correlations) with no uncertainty from pion PDFs
5. Sivers function for gluons (J/Ψ regions)
6. Flavour separated TMDs extraction
7.      EMC effects  & flavour dependent EMC effects 
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AMBER - New EHM-related ideas:
PDA and meson radii

Where x is a fraction of hadron’s 
longitudinal momentum carried 

by the quark in the imf.

A solid (green) emergent mass generation is 
dominant (pion); 
B dot-dashed (blue) curve: Higgs mechanism is 
the primary source of mass generation (C-
meson); 
C solid (thin, purple) curve (asymptotic prole,
6x(1 - x); 

AMBER robe: diffractive pion dissociation on a heavy target with very small t’, this is a 
coherent process where two quarks break  apart producing hadron in the final state 

In case of AMBER as our incoming beam energy is much smaller (typically 190 GeV) the hadron multiplicities will be lower in the 
final state, on the other hand we can select for example 2 hadron in the final state events. So we would like to know:
1. if such topology events can give an access to PDA
2. Observable ? – (similar to two-jets)

Fermilab E791 the only experimental data
In di-jets production by 500 GeV 𝜋- beam

Craig Roberts: Pion and kaon distribution amplitudes (DAs) 
nearest thing in quantum field theory to a Schredinger wave 
function; consequently, fundamental to understanding 𝜋 and K 
structure. Modern theory predicts that EHM is expressed in the x-
dependence of pion and kaon DAs.
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AMBER - New EHM-related ideas:
PDA and meson radii

statistical precision of the proposed measurement, down 
to Q2 = 0,001 GeV2/c2, Cross section is normalised to the 

GD - dipole form factor

Craig Roberts: Precise measurements of pion and
kaon radii will reveal the compositeness (confinement) 
scale for (near) Nambu-Goldstone bosons.

Very few data on mesons radii:

S. R. Amendolia, et al., A Measurement of the Space - Like Pion 
Electromagnetic Form-Factor, Nucl. Phys. B 277 (1986) 168.

I. M. Gough Eschrich, et al., Measurement of the Sigma- Charge 
Radius by Sigma- Electron Elastic
Scattering, Phys. Lett. B 522 (2001) 233

S. Amendolia, et al., A Measurement of the Kaon Charge 
Radius, Phys. Lett. B 178 (1986) 435.

We are studying know the feasibility of such an experiments using AMBER’s high 
intensity pion and kaon beams 



AMBER – Proposal Phase-1
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51 institutions, ~260 authors,
19 new institutions with respect to COMPASS (Majority 

from USA, also Germany, Italy, Russia etc.)   



AMBER – Phase - 1
Running plan

20/04/21 Oleg Denisov 23

We will start AMBER Phase-1 program with proton radius measurement, then antimatter 
production cross-section and Drell-Yan:
PRM: 2022-2023
AMP:  2023-2024
Drell-Yan: starting 2024



EHM through experimental studies
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Summary: AMBER at CERN SPS

• A wide and extremely competitive physics program brought together, strong interest 
in the hadron physics community

• Main bearing column of the AMBER is Emergence of the Hadron Mass phenomenon

• Our knowledge on pion structure will be much improved after AMBER Phase-1 
measurements

• Radio-frequency separated high intensity kaon beam is unique instrument for kaon 
structure/spectroscopy study at AMBER Phase-2 
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BACK UP
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AMBER General Upgrades 
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Major part of the spectrometer on floor since 2001,
substantial upgrade is required



AMBER Specific Upgrades 

20/04/21 Oleg Denisov 28



Short term COMPASS-II future (2021)  
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Transverse Deuteron Run (2021) was approved by CERN 
Research Board in June 2018 



RF separated antiproton/kaon beam –
a missing ingredient in the spin/mass crises resolving

20/04/21
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Assumptions: 
– 8 x 107 antiprotons for 1013 ppp (10 seconds) (optimistic estimate by Lau Gatignon);

– we assume here 4 x 1013 protons.

Antiprotons RF separated beam: 3.2 x 107 /s - Gain is a factor of 50 compared to the standard h-

beam for Drell-Yan experiment (~1% of h- beam 6x107 /s dominated by π-)

Using the same assumption for RF separated kaon beam, possible kaon beam intensity is 8 x 106 

/s - Gain is a factor of 80 compared to to the standard “spectroscopy” h- beam

High intensity RF separated beam will provide unique opportunities for
Hadron Spectroscopy, Drell-Yan physics, Prompt Photon production etc.

“Normal” h- beam composition:
~97% (π) ~2.5%(K) ~0.5% (pbar)



Search for Dark Matter
Absolute cross section measurement p+He--> pbar+X
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-New AMS(2) data – the antiparticle flux is well known now (few % pres.)
(http://dx.doi.org/10.1103/PhysRevLett.117.091103) 
- Two type of processes contribute – SM interactions (proton on the ISM with 
the production for example antiprotons in the f.s.) and contribution from 
dark particle – antiparticle annihilation;
- In order to detect a possible excess in the antiparticles flux a good 
knowledge of inclusive cross sections of p-He interaction with antiparticles in 
the f.s. is a must, currently the typical precision is of 30-50%.

COMPASS++ from a few tens of GeV/c up to 250 GeV/c, in the pseudorapidity range 2.4 < h < 5.6.
We performed simulation with TGEANT (GEANT4 based COMPASS MC), using FLUKA generator or the internal 
TGEANT generator:
2009 COMPASS hadron setup, 190 GeV beam.
Italian contributors (new to COMPASS): 
AMS: P. Zuccon, F. Nozzoli (UniTN, TIFPA and INFN),
N. Masi, L. Quadrani, A. Contin (UniBO and INFN),

Theoretical Physicist: F. Donato, M. Kosmeier (UniTO
e INFN )
Goal is to  measure the double differential (momentum 
and pseudorapidity) anti-p cross production from p+p
and p+He at different proton momenta (50, 100, 190, 
250 GeV/c).

PHASE-1

http://dx.doi.org/10.1103/PhysRevLett.117.091103


We show the impact of the proposed p + p measurements on constraining the production of cosmic 
anti-protons versus their kinetic energy. Each curve represents the fraction of anti-proton production as 
constrained by our cross-section measurements p-p, p-He and He-p channels, compared to NA61 (p-p) 
and LHCb (p-He) measurements

p-p channel, in three 
different energy ranges

p-He and He-p channels

COMPASS
LHCb50 - 250 GeV/c

100-190 GeV/c
50-190 GeV/c

COMPASS
NA61 (20-158 GeV/c)

COMPASS++/AMBER
antimatter production x-section

PHASE-1

https://indico.cern.ch/event/820869/

https://indico.cern.ch/event/820869/


The dominant reactions are those involving protons and Helium (p+ p; p+4He; 
4He+p; 4He+4He).

the interactions involving 4He as target or projectile represent about
40% of the pbar production over the whole energy spectrum

our measurement will pin down the 
production of anti-protons
in a relevant kinetic energy region. 

Combined with the LHCb measurements at 
very high energy, the
new data would yield the necessary kinematic 
coverage. 

This would contribute to a significant 
reduction of the uncertainty on the expected 
amount of secondary anti-protons produced 
by spallation of primary cosmic rays on the 
interstellar medium

COMPASS++/AMBER – Phase – 1
DM backup
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Competitors



Short term COMPASS-II future (2021)  
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Transverse Deuteron Run (2021) was approved by CERN 
Research Board in June 2018 



Instrumentation I
General purpose spectrometer upgrades
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Instrumentation II
Spectrometer upgrades for Drell-Yan measurements with RF-

separated beam
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Instrumentation III
Upgraded/new Polarised Target
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+

Otherwise entirely new polarised target already designed in order to
Operate with the integrated Recoil detector 



COMPASS Spectrometer at SPS M2 beam line (CERN)
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Universal and flexible apparatus.
Most important features of the two-stage 
COMPASS Spectrometer:
1. Muon, electron or hadron beams with the 

momentum range 20-250 GeV and intensities 
up to 108 particles per second

2. Solid state polarised targets (NH3 or 6LiD) as well 
as liquid hydrogen target and nuclear targets

3. Powerful tracking (350 planes) and  PiD systems  
(Muon Walls, Calorimeters, RICH)



• Settings for data taking and systematic studies

• Improve understanding of systematics using different beam polarities, beam momenta 
and TPC pressure settings.

• Optimised pressure settings for kinematic region
• Control systematic uncertainties:                                                                                            

→ beam polarity - control charge dependent effects                                                                    
→ beam momentum - control energy dependent effects

• Time estimate:                                                                                                               
→ data taking: about 160 days                                                                                                
→ systematic studies: about 100 days

40

COMPASS++/AMBER – Phase - 1
Running plan for PRM



Hadron spectroscopy COMPASS++/AMBER 
(kaon beam) 
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Hadron spectroscopy COMPASS++/AMBER 
(kaon beam) 
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Measurement of kaon 
Compton scattering via the 
Primakoff effect and an RF 
separated beam for 
determination of the kaon 
polarisability, and kaon-
photon induced strange 
meson production



20/04/2021 Oleg Denisov 43

M2 Fixed Target Experiment Beyond 2020  

- Good attendance (>100 physicists), large interest
- 11 “outside” review talks – Jefferson Lab, RHIC, Fermilab, KEK (Japan) BEPC II (IHEP, Beijing),  NICA (JINR, 
Dubna), CERN (After, LHCb), GSI (Panda), J-PARC (Japan), EIC – China;
- 7 COMPASS talks (chronol.) – SIDIS, GPDs, Chiral Dynamics, astrophysics (dark matter), Drell-Yan, hadron 
spectroscopy;
- 2 “round-table”-like discussions on possible future with hadron and muon beams; 
- Outcome of the Workshop:

- RF Separated antiproton/kaon beam would provide a unique opportunity for future fixed 
target COMPASS-like program at CERN
- Existing  muon and hadron beam allows to extend current COMPASS program by doing unique or first 
class measurements of exclusive processes, SIDIS and Drell-Yan 



3D structure 
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T-odd TMDs (Sivers, Boer-Mulders) restricted 
universality SIDIS#!DY
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1. In case sign change is not confirmed we have to rethink 
TMD PDF factorisation – major problem of the TMD 
approach

2. Sivers function is very important by itself as gives a model-
dependent access to Angular Momentum of partons
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COMPASS++/AMBER:  GPD
Access to the quark/gluon orbital moment

+


