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2018: Letter of Intent arXiv:1808.00848

2019: Formation of a Proto-Collaboration

2019: AMBER Phase–1 Proposal CERN-SPSC-2019-02

2020: Recommendation of the Proposal by SPSC 

and approval by Research Board

2021 and 2022: AMBER Pilot Run

2023: Start of AMBER data taking

Phase-2  proposal in preparation

History of AMBER
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http://arxiv.org/abs/1808.00848
https://cds.cern.ch/record/2676885/files/SPSC-P-360.pdf


 

AMBER: at the North 
Area of the CERN-SPS

In EHN2 (former COMPASS) experimental hall:

Availability of both hadron and muon beams

Both beam charges available, and in wide range 
of energies (~ 60 - 250 GeV/c)

Re-use of large aperture dipole magnets

Re-use of some of the most recent COMPASS 
detectors

To further exploit the M2 beam line at CERN and 
the unique COMPASS spectrometer for 
exploration of hadron structure and QCD physics

++++
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The AMBER  
Apparatus
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Redundant high-precision tracking 
RICH and Calorimeters for PID 
Muon identification 
CEDAR detectors for beam PID 

Polarized DY Data takings:  

++++

The AMBER spectrometer (former COMPASS)

A high momentum resolution for  
charged particles provided by a 
two-stage magnetic spectrometer 



  

AMBER physics program
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Phase-I
Proposal Phase-I:
 
Approved by CERN
2023 —> 2029 

Phase-II
Proposal in preparation
Beyond 2029

vertex detector

https://arxiv.org/abs/1808.00848
http://cds.cern.ch/record/2676885?ln=en


  

AMBER physics program
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Phase-I
Proposal Phase-I:
 
Approved by CERN
2023 —> 2029 

Phase-II
Proposal in preparation
Beyond 2029

vertex detector

Meson Structure 
at AMBER

https://arxiv.org/abs/1808.00848
http://cds.cern.ch/record/2676885?ln=en


How does all the visible matter in the universe 

come about and what defines its mass scale?

Higgs mechanism produces a few percent of 

visible mass, where does the rest comes from?

The Higgs-generated mass scales explains

neither the “huge” proton mass nor the ‘nearly 

masslessness’ of the pion
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The meson structure and the 
origin of hadron masses

++++

By BNL

https://arxiv.org/abs/1808.00848
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Emergence of hadron mass 
(EHM)

What are the underlying mechanisms?

The answer lies within SM, in particular within QCD
—> dynamical mass generation in continuum QCD

In order to “proof” that QCD underlies the EHM phenomenon we 
have to compare Lattice and Continuum QCD calculations with
experimental data by measuring:
1. Quark and Gluon PDFs of the pion/kaon/proton
2. Hadron’s radii (confinement)
3. Excited-meson spectra

++++

Figure taken from Craig Roberts
"EHM via AMBER“ at 5th AMBER
EHM Workshop (2021)

https://arxiv.org/abs/1808.00848


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

Experimental access @AMBER (with pion and kaon beams):
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AMBER

Emergence of hadron mass

Drell-Yan
Prompt-photon production

Charmonium production

https://arxiv.org/abs/1808.00848


Pion-induced Drell-Yan data collected by NA3, NA10, WA39 (CERN) and E615 (Fermilab), more than 30 
years ago —> access valence and sea (NA3 and WA39) distributions in the pion

Available data from direct-photon production also obtained at that time, by WA70 and NA24 (CERN)

Limited data sets —> sea quark distribution was derived from momentum-sum-rule conservation

GRV set of pion PDFs - Drell-Yan, charmonia and prompt photon production experiments (E615, NA10, 
WA70, NA24) 

xFitter set: Drell-Yan, prompt photon production

JAM set - including production of leading neutrons in DIS at HERA (ZEUS, H1) 

  

What do we know  
about pion structure?

 
GRV/S  Z. Phys. C53 (1992) 651–656. ; Eur. Phys. J. 
C10 (1999)
SMRS Phys. Rev. D45 (1992) 2349–2359; Phys. Rev. 
Lett. 121 (2018) 152001
NA3 Z. Phys. C18 (1983) 281

++++

Chang et al. PRD
102, 054024 (2020)
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https://arxiv.org/abs/1808.00848


• Mostly heavy target 
—> nuclear effects
• Some did not publish 

cross-sections
• Some did not measure with 

both beam charges 
—>  no sea/valence 
separation

Isoscalar target
Both beam charges
High statistics

  

What do we know  
about pion structure?
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 AMBER
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37000

https://arxiv.org/abs/1808.00848


➤ High energy and intensity pion beams

Example @ 190 GeV/c

Iπ -  ~ Ibeam = 7.0x107/s

Iπ +  ~ 25% Ibeam = 1.7x107/s

➤ COMPASS-like apparatus

   ➤ Segmented Carbon target

  

Pion-induced Drell-Yan 
at AMBER
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➤ Aim at the first precise direct 
measurement of the pion sea contribution

Flavour dependent nuclear PDFs

Positive and negative pion beam on 
Carbon and Tungsten target

++++

LO: only sea-val and val-sea terms
LO: only val-val terms

AMBER Proposal

https://arxiv.org/abs/1808.00848


Pion-induced Drell-Yan 
at AMBER
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Drell-Yan process is a low cross-section 
process:

High intensity hadron beam 

Hadron absorber to protect Spectrometer 
from a very high  secondary flux

Vertex Detector to compensate losses in 
resolution because of the absorber, to 
improve mass and space resolution

Large surface: ±20cm

CEDARs

 𝜋-K separation beneficial for 𝜋-induced DY

Essential for K-induced DY

Efficient majority discrimination

—> low divergence

https://arxiv.org/abs/1808.00848


Experimental challenges
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• Radioprotection upgrades for high intensity 
beam
• Verification of CEDAR-based beam-PID 
efficiency at high intensity
• Good vertex resolution by silicon vertex 
detectors -> improve mass resolution

Required instrumental upgrades

FVTX detector from PHENIX@RHIC (LANL)

MC Truth 
Reco w/o vertex detector 
Reco w vertex detector 



1) test of charmonia production mechanisms: CEM vs 
NRQCD 

2) Model-dependent separation of gg and qq 
contributions using data collected with both positive and 
negative beams 

3) probe of gluon and quark PDFs 

@AMBER: large statistics J/ψ production at dimuon 
channel, differential cross-section measurements, low-pT 
regime, expected significant feed-down: ψ(2S), χc1, χc2

J/ψ production: an access  
to the pion gluon content
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Color Evaporation Model (ICEM)
Cheung and Vogt, PRD98, 114029 (2018)
and priv. comm.

Two main mechanisms of J/ψ production in 
hadron collisions: gg → gJ/ψ and q¯q→ J/ψ 

++++

https://arxiv.org/abs/1808.00848


In the energy domain of AMBER and for sufficiently high xF values, the qq component has a magnitude 
comparable or larger to that of the gg component. 

The relative amount of both components is given by the overall amplitude and shape of the 
corresponding quark and gluon densities in the Bjorken-x region between 0.05 and 0.95 for the pion and 
between 0.05 and 0.4 for the nucleon. 

Data may be used to infer the gluon distribution in the pion, 
within the uncertainties of the hadronization model.
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AMBER
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J/ψ production: an access  
to the pion gluon content

https://arxiv.org/abs/1808.00848


Sole measurement from NA3
J. Badier et al., PLB93 354 (1984)

 200 GeV K⁻ beam on 6 cm Pt target
 700 kaon-induced Drell-Yan events

Interesting hint: At hadronic scale gluons
carry only 5% of K’s momentum vs 30% in π 

Scarce data on u-valence
No measurements on gluons
No measurements on sea quarks

➤ How to improve the situation?

  

What do we know  
about kaon structure?
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* AMBER (LoI):
Assumed an RF-separated beam 
of 2 x 10⁷ kaons/second.

But: how high can the beam intensity be?
Not enough for kaon-induced Drell-Yan…

With a conventional beam – from improved
beamline and beam telescope – the 
AMBER statistics goal scales down, but 
there would be important gain wrt NA3.

https://arxiv.org/abs/1808.00848


kaon-induced Drell-Yan and 
J/ψ  production at AMBER
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Identify the kaon component with the CEDARs
● positive beam (K = 1.5%)
● negative beam (K = 2.4%)

Expected statistics
● 210 days of positive beam (K+)
● 70 days of negative beam (K−)
● CEDARs efficiency: 60%

++++

Nb of events: 25 000 K−   32 000 K+

J/Ψ data collected in parallel
with kaon-induced Drell-Yan

● Large statistics

● Model-dependent access to the
gluon distribution in kaons

https://arxiv.org/abs/1808.00848


➤  100 GeV K+ beam on a long LH2 target

kaon-induced prompt-photon 
production at AMBER
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clean access to the gluon distribution in kaon

minimize photon bkg

++++

xT = 2pT/√s

     AMBER

https://arxiv.org/abs/1808.00848


AMBER Phase-1 
running plan
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Milestones 
1. May 1st 2023 – Antimatter production Run (Std. DAQ) 

2. Sep. 1st 2023 – PRM pilot  (FreeDAQ, very limited setup) 

3. May 1st 2024 – PRM Run  (FreeDAQ, limited setup) 

4. Sep. 1st 2025 – DY Pilot  (FreeDAQ, all trackers + mu id) 

5. May 1st 2028 – DY Run (Full Spectr. Ex. RICH, 

Calorimeters)

https://arxiv.org/abs/1808.00848


Summary
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@ AMBER 

A future experiment to study meson structure

● Pion structure from pion-induced Drell-Yan and Charmonium production

● Kaon structure from kaon-induced Drell-Yan and Charmonium production, gluon 

content in the kaon from direct-photon production

Unique opportunity:
—>  high-energy pion/kaon beams exclusively available at CERN so far
 —> both positive and negative beams  – very important! 
—> large and uniform acceptance spectrometer 

++++



Thank you for your attention!


