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1. The steps so far towards a new Collaboration 

2. A New QCD facility at CERN SPS: COMPASS++/AMBER

3. Beam time requests and time lines of phase-1

4. Hardware developments

5. Summary



The COMPASS programme
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a variety of 

QCD physics 

questions…

…a common 

core setup

semi-inclusive 

deep inelastic scattering

longitudinal &

transverse

polarised,

unpolarised

light-hadron spectroscopy

Primakoff reactions

deeply-virtual Compton scattering 

hard exclusive meson production

polarised Drell-Yan,

J/y production

completion in 2021 with transverse deuteron run



A NQF@M2 beam line of the SPS CERN
COMPASS++/AMBER  Letter of Intent

13.06.2019 Jan Friedrich 4

• Since a workshop in March 2016 on future opportunities for 
A New QCD Facility at M2 beam line, various measurements 
have been investigated and collected in our

• Letter of Intent, submitted to the committee in January 2019. 
The goal is to bring together a new Collaboration enthusiastic 
about measurements with conventional and newly designed RF-
separated kaon and antiproton beams 

• The total duration of the program reaches 10 years of running 
with hadron and muon beams.

http://arxiv.org/abs/1808.00848

Apparatus for Meson and Baryon Experimental Research 

http://arxiv.org/abs/1808.00848


COMPASS++/AMBER
the full “LoI” programme 
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COMPASS++/AMBER
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A A´

π, K rho, omega



Two-stage program:
First stage (shorter term) – existing extracted beams

Second stage (longer term) – RF-separated extracted kaon 
and antiproton beams
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focus on Run3 (2021-2024)

Proposal phase-1

measurements that can be realized before LS3

* Proton radius

* Antiproton production cross sections

* Pion-induced Drell-Yan and 

charmonium production mechanisms



A NQF@M2 beam line of the SPS CERN
COMPASS++/AMBER – Proposal Phase-1
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COMPASS++/AMBER – Proposal phase-I
tentative running scheme

13.06.2019 Jan Friedrich 18



Proton radius measurement from muon-proton 
high-energy scattering

13.06.2019 Jan Friedrich 19

• contradictory findings for the proton radius 0.84…0.88 fm

from different experimental and theoretical approaches on 

the 5% level

• direct determination as slope of the electric form factor GE

at Q2 near zero

• proposed experiment with precision better than 0.01 fm

• competitive to JLab, MAMI, MUSE
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Proton radius measurement from muon-proton 
high-energy scattering
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COMPASS++/AMBER proposal:

• precise measurement of 

recoiling proton in a pressurized 

active-target H2 cell with TPC 

readout

• in coincidence with the scattered 

muon kinematics at 100 GeV 

beam energy

• reach a point-to-point precision 

of 10-3

• Q2 range 10-3 – 4x10-2 GeV2

• fit with free parameters up to

terms in Q4 gives <r2> with the

desired precision

• advantegous / complementary

systematics compared to the

other experimental approaches



Proton beam: Search for Dark Matter
Absolute cross section measurement p+He  p+X
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_

Physics case:
• precise data on cosmic antiparticle flux from AMS2 data
• possible sources: standard model and dark matter processes 
• limiting factor for MC simulations: production cross sections, 

currently only known to 30-50%
COMPASS++/AMBER proposal:
• measure inclusive antiproton production cross sections in pp

and pHe collisions over a wide beam range of 50…250 GeV

parameter space for fixed-target kinematics



Learning about the partonic structure of pions
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Existing hadron beam
Drell-Yan (I): pion structure
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• valence, sea and gluon 
distributions in the pion in 
different models

• experimental result (NA3) with 
large uncertainties



Existing hadron beam
Drell-Yan (II): competitiveness 
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Expected accuracy as compared to NA3



New hardware: The active-target TPC for the 
proton radius measurement
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New hardware: Vertex detector for the Drell-Yan 
experiment
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New hardware: Trigger scheme
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• continuous ‘triggerless’ first-level readout

• time-slicing according to detector response time

• marking of slices for higher-level readout



more new planned hardware
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• silicon pixel detectors 

• elastic muon-scattering kinematics with SciFi detectors

• upgrades: large-area pixelGEM and MPGD

• CEDARs at high rates

• Beam Momentum Station for proton radius measurement

MuPix8 detector array thermally shielded CEDARsSciFi prototype



Forming a new Collaboration
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240 authors from 

50 institutes,

interest from more 

institutes expressed



Summary
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• COMPASS++/AMBER proposes to perform 

3 measurements at the SPS M2 beam line 2022-24
• Proton radius in high-energy muon-proton scattering

• Antiproton production in pp and pHe collisions

• Pion-induced Drell-Yan

• formation of the new Collaboration is on track

• various hardware developments and upgrades are 

ongoing

phase-2 with RF-separated beam beyond LS3



Thank you!
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Spares
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COMPASS++/AMBER – Proposal phase-I
Outlook
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COMPASS++/AMBER – Proposal phase-I
Input to SPSC EHN2 wg
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1. amount of beam time:    

2021: approved SIDIS Deuteron run of COMPASS (commissioning + 150 effective data taking days) 

+ Proton Radius (PR) test (20 days in the beginning)

2022: (after NA64u beam test ~30): PR (120 + 40) + Antiproton Production (AP) test measurement (10)

2023: (after NA64u ~ 30): AP measurement (20) + PR (140+10)

2024 and beyond: ((after NA64u ~30): Drell-Yan ~ 2 full year of data taking

3. requirements on actual beam (energy, type, intensity)

SIDIS:  160 GeV  muon beam, maximal intensity of ~ 3x10^7 per second

PR: 100 GeV  muon beam, intensity 2x10^6 per second

AP: 50 - 250 GeV proton beam, intensity 5x10^6 per second

DY: 190 GeV h- and h+ beams, maximal hadron beam intensity of ~10^8 per second.  

4. contingency plans: to be discussed separately.

5. infrastructural work required to be done beforehand (especially if it has to be done still during LS2):  

NONE, apart of standard modifications of the M2 beam line for SIDIS, hadron and DY beam running

6. setup times:

SIDIS:  longest set-up time (~4 months) taking into account COMPASS Polarised Target, setting up will be 

performed during LS2

PR: ~2-3 weeks

DY: ~2-3 weeks

AP: ~2-3 weeks



Backup – proposal p. 11
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Backup – proposal p. 15

13.06.2019 Jan Friedrich 36



Backup – proposal p. 18-20
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Backup – proposal p. 25

13.06.2019 Jan Friedrich 38



Backup – proposal p. 26-27
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Backup – proposal p. 28-30
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Backup – proposal p. 32-33
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Backup – proposal p. 34
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Backup – proposal p. 43
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Backup – proposal p. 44
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Backup – proposal p. 46-47
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Backup – proposal p. 48-49
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Backup – proposal p. 50-51
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Backup – proposal p. 60
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Backup – proposal p. 60
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Backup – proposal p. 61
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Backup – proposal p. 63
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Backup – proposal p. 72
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Backup – proposal p. 76
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Backup – proposal p. 77
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Backup – proposal p. 80
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Backup – proposal p. 82
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Backup – proposal p. 83-84
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fitting with a truncated series 
for small Q2
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n (1 + a2 Q2 + a4 Q
4 + a6 Q6 + a8 Q

8 +…)

• 3 free parameters n, a2, a4 (sys   0.0035, stat 0.0040 fm)

• 4 free parameters n, a2, a4, a6 (sys <0.0020, stat 0.0090 fm)

choice of higher-order terms:

• ai = 0 for i ≥ 6 or 8

• fix e.g. ai = aD for i ≥ 6 or 8 according to some 

model



Existing pion beam
hadron structure 
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Existing hadron beam
We learned very little so far about meson structure 

13.06.2019
Jan Friedrich
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Existing muon beam:
Proton radius measurement in elastic mu-p scattering 
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Proton radius puzzle since 2010

(Pohl et al, Nature 466, 213)

Laser spectroscopy of muonic hydrogen

data are rather in agreement now with 

electronic hydrogen spectroscopy data 

(new determination of the Rydberg constant

can be used to reinterpret all electronic 

hydrogen data) and e-p scattering data.

New experiment on μ-p scattering is a 

missing ingradient in proton radius puzzle 



Proton Radius measurement
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Physics case: determine the proton radius in high-energy 

muon-proton scattering

• elastic µp scattering at low Q2

• key advantages over ep

• measure electric form factor GE, 

essentially no contribution from 

magnetic one GM (high E)

• much smaller QED rad. corr. 

(muon mass)

• remains: theory uncertainty from fitting 

the form factor slope

• 100 GeV SPS M2 muon beam

• high-pressure hydrogen TPC active-

target cell (PNPI development)

• measure cross-section shape over 

broad Q2 range 10-4…10-1

• fit from 10-3 … 2x10-2 the proton 

radius (slope of electric form factor)



Existing beam line, antiproton-enriched beam
Charmonium spectra
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LHCb: Z(4430)-: 13.9 σ

[V. Santoro, Hadron 2015]

• Many new (narrow) states 

discovered in recent years

• Assignment not clear

• Some definitively not 

charmonium-like

[LHCb, PRL 112, 222002 (2014) ]



Existing beam line, antiproton-enriched beam
Charmonium-like mesons
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M2 SPS beam line has to be retuned to extract 
Antiproton beam (momentum ~ 20 GeV)

Method: antiproton-proton 
annihilation

Goal: charmed hybrids and exotics
study in the mass range higher than  
reachable in PANDA

Complementary to LHCb
(p-pbar annihilation – gluon rich 
environment and it allows high spin 
states)

Otherwise no competitors 
for the next at least 10 years



Existing proton beam:
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 < 8.
We performed simulation with TGEANT (GEANT4 based COMPASS MC), using FLUKA generator or the 
internal TGEANT generator:
2009 COMPASS hadron setup, 190 GeV beam.
New tCOMPASS associated members 
for this project: 
AMS: Paolo Zuccon (MIT), Nicolò Masi (Bologna) 
Theoretical Physicist: Fiorenza Donato (Torino) 

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).

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


RF separated antiproton/kaon beam
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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 and Drell-Yan physics

“Normal” h- beam composition:

~97% (π) ~2.5%(K) ~0.5% (pbar)



RF separated hadron beam
Meson structure study in DY and PP processes
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Highest possible beam momentum is 

Essential for both Drell-Yan and Prompt

Photons program



RF separated hadron beam
Meson structure study in DY and PP processes

Kaon structure
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RF separated hadron beam
Meson structure study in DY and PP processes

Valence u-quark quarks in Kaon compared to pion
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Existing hadron beam
Drell-Yan (III)
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• Statistical uncertainties projections 

for COMPASS-like experiment (1 or 

2 years of running depending on 

beam intensity: 7x107 or 1.4x108 /s )

• Time sharing 1:10 h-/h+ beam
1. sea/valence ratio in pion
2. EMC effect pion projectile (red - flavour dep.)
3. Nuclear PDFs (existing DY data already in)
4. Nuclear PDFs (valence)



RF separated hadron beam
Meson structure study in DY and PP processes

Projection for valence/sea quarks separation in Kaon
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• First measurement of sea in Kaon

• There is still a room for optimization

• Assumed K+/K- beam intensity 2x107 /s

• 280 days of running



RF separated hadron beam
Meson structure study in DY and PP processes

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.

Full MC simulation for prompt photons and minimum

bias events was performed for K+ beam of 100

GeV/c and the COMPASS setup configuration of

2017 DVCS run. Possibilities to identify signal and

reject background were tested. Some optimization

of the setup from point of the material budget was

tested.

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)

NO competitors

72



RF separated hadron beam
Strange sector meson spectroscopy with Kaon beam
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RF separated hadron beam
Strange sector meson spectroscopy with 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



QCD facility – future fixed target experiment at M2
Spectrometer upgrades
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QCD facility – future fixed target experiment at M2
Spectrometer upgrades
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QCD facility – future fixed target experiment at M2
Spectrometer upgrades for Drell-Yan measurements 

with RF-separated beam
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Current status of NQF initiative 
A New QCD facility at the M2 beam line
WEB Page: https://nqf-m2.web.cern.ch/
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A New QCD facility at the M2 beam line
WEB Page: https://nqf-m2.web.cern.ch/
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A New QCD facility at the M2 beam line
WEB Page: https://nqf-m2.web.cern.ch/

13.06.2019 Jan Friedrich 80



Document for the 2020 update of the European 

Strategy for Particle Physics
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Will serve as an input for ESPP 

among other documents, for 

example summary document by 

Physics Beyond Colliders (PBC) 

committee at CERN (we are 

participating in the work of this 

committee)



Summary
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• Long Term QCD program at CERN SPS  strong interest in the hadron physics community

• RF separated antiproton/kaon beam will provide unique opportunity for meson 
spectroscopy and meson structure study

• Existing  muon and hadron beams allows to enrich current COMPASS program 

• New Collaboration should be founded in the next 1-2 years – JOIN! 



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)



Short term COMPASS-II future (2021)  
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Transverse Deuteron Run (2021) was approved by 

CERN Research Board in June 2018 


