
COMPASS++/AMBER
A New QCD Facility at the M2 Beam Line of the CERN SPS

Boris Grube

Institute for Hadronic Structure and Fundamental Symmetries
Technische Universität München

Garching, Germany

12th International Workshop on the Physics of Excited Nucleons
Bonn University, 14. June 2019



The M2 Beam Line at the CERN SPS

World-wide unique high-intensity beams

Secondary hadron beams (p/ p̄, p±, and K
±)

Tertiary polarized muon beams (µ±)

Wide energy range: 20 to 280 GeV
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The M2 Beam Line at the CERN SPS
Flux of Secondary Hadron Beams

Typical SPS supercycle

10 s pulse length

48 s cycle duration
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The COMPASS QCD Facility at the M2 Beam Line

4 Boris Grube, TU München COMPASS++/AMBER



The COMPASS QCD Facility at the M2 Beam Line
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Common Muon and Proton Apparatus for Structure and Spectroscopy

⇡ 220 physicists, 24 institutions, 12 countries + CERN



The COMPASS QCD Facility at the M2 Beam Line
Versatile Experimental Setup

Large-acceptance two-stage spectrometer

Precise tracking (⇡ 350 planes) and PID (CEDAR, RICH,
calorimeters, muon system)
Various targets

Polarized solid-state NH3 or 6LiD
Liquid H2
Solid-state nuclear targets (e.g. Ni, W, Pb)
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The COMPASS QCD Facility at the M2 Beam Line
Broad Physics Program
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COMPASS++/AMBER Project
Apparatus for Meson and Baryon Experimental Research

Great variety of planned measurements
addressing fundamental QCD questions

Phase 1: after Long Shutdown 2 of LHC (2022 to 2024)

Elastic µp scattering: precision measurement of proton charge radius
Drell-Yan and charmonium production: determination of pion PDFs
Measurement of p-induced p̄ production cross sections for indirect
dark matter searches

Phase 2: after Long Shutdown 3 of LHC (from 2026 on)

RF-separated kaon and antiproton beams
Kaon diffraction: high-precision kaon spectroscopy
K-induced Drell-Yan, charmonium, and prompt-photon production:
determination of kaon PDFs
K-induced Primakoff reactions: electric polarizability of the kaon
p̄ + N

* Drell-Yan: nucleon transverse-momentum-dependent PDFs
. . .
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COMPASS++/AMBER Project
Developed within CERN’s Physics Beyond Colliders (PBC) initiative

http://pbc.web.cern.ch

QCD physics working group
Report: arXiv:1901.04482

Conventional beams working group

Embedded into the

http://europeanstrategyupdate.web.cern.ch

Positive feedback at Granada Symposium in May (project summary
available here)

8 Boris Grube, TU München COMPASS++/AMBER

http://pbc.web.cern.ch
https://arxiv.org/abs/1901.04482
http://europeanstrategyupdate.web.cern.ch
https://indico.cern.ch/event/808335
https://indico.cern.ch/event/765096/contributions/3295862


COMPASS++/AMBER Project
Developed within CERN’s Physics Beyond Colliders (PBC) initiative

http://pbc.web.cern.ch

QCD physics working group
Report: arXiv:1901.04482

Conventional beams working group

Embedded into the

http://europeanstrategyupdate.web.cern.ch

Positive feedback at Granada Symposium in May (project summary
available here)

8 Boris Grube, TU München COMPASS++/AMBER

http://pbc.web.cern.ch
https://arxiv.org/abs/1901.04482
http://europeanstrategyupdate.web.cern.ch
https://indico.cern.ch/event/808335
https://indico.cern.ch/event/765096/contributions/3295862


COMPASS++/AMBER Project

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

Letter of Intent [arXiv:1808.00848]

Signed by 265 authors

Proposal for phase 1 (2022 to 2024) [CERN-SPSC-2019-022]

Signed by 240 authors
Presented to SPS and PS Experiments Committee on 13. Jun 2019
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Phase 1

Precision Measurement of the

Proton Charge Radius
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The Proton-Radius Puzzle

Contradictory proton-radius values from

finite-size effects in spectroscopy of ordinary and muonic
hydrogen

slope of form-factor measured in elastic ep scattering
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The Proton Charge Radius from Lepton Scattering

Response of proton to external
electromagnetic fields encoded in electric
form factor GE and magnetic form
factor GM

GE(Q
2) ⇡ GM(Q2)
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COMPASS++/AMBER Proposal

Precision measurement of proton charge radius
in high-energy elastic µp scattering

g˚
Q

2

N

µ

N

µ

Advantageous/complementary systematics compared to other
techniques

Provides new and independent proton-radius value

Goals

Cover range 10�3 < Q
2 < 0.04 GeV2

Statistical precision of 0.01 fm or smaller

Could rule out lepton-flavor effects as explanation for
proton-radius puzzle
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COMPASS++/AMBER Experimental Setup

Challenging measurement

100 GeV muon beam with high-intensity 2 ⇥ 106 s�1

High Q
2 resolution down to Q

2 = 10�3 GeV2

Simultaneous measurement of scattered muon and recoil proton
High-precision forward tracking (MuPix8 silicon pixel detector)
Active-target high-pressure (20 bar) hydrogen TPC

68

tb]
Figure 44: Noise due to ionization by the beam muons as obtained from Monte Carlo simulations for di�erent
beam intensities.

Figure 45: Engineering design for the four-cell hydrogen TPC.

Resolution of the recoil scattering angle:

The angle �R of the recoiling proton with respect to the direction perpendicular to the beam is approx-
imately given by sin(�R) =

�
TR/2M and varies from 17 to 107 mrad in the Q2 range from 0.001 to

0.04 GeV2/c2. This angle can be determined from the di�erence in the arrival times of the signals on
the anode pads crossed by the proton. This is possible for su�ciently long tracks detected by at least two
anode pads, so for TR > 4.5 MeV at 20 bar and for TR > 2 MeV at 4 bar pressure. The precision of this
determination ranges from 10 mrad (sigma) for short tracks to 2 mrad (sigma) for long tracks. Coulomb
scattering of the proton adds about 10 mrad (sigma) to this, such that the recoil angular resolution ranges
from 11 to 15 mrad for proton ranges of 300 and 70 mm, respectively.

The engineering design of the four-cell hydrogen TPC is shown in Fig. 45.

5.3.2 TPC Read-out and Slow Control

The TPC detector is supposed to be read out using Flash Analog Digital Converters (FADCs) and digital
pulse shape analysis (PSA). It allows flexible trigger concepts, high rate capability and pile-up handling
and, in addition, reduction the amount of cables and electronic elements such as splitters, delays and
discriminators. Signal processing and noise suppression can be performed using energy and FFT filters.
The read-out electronics of the TPC will consist of a front-end part (charge-sensitive preamplifiers and
shaping amplifiers), the FADCs and a trigger/processing part. The charge-sensitive preamplifiers and
shaping amplifiers can be similar to those designed at the Petersburg Nuclear Physics Institute (PNPI)

14 Boris Grube, TU München COMPASS++/AMBER



COMPASS++/AMBER Experimental Setup
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COMPASS++/AMBER Projected Performance (2 Years)

1 % statistical precision of radius value requires 70 ⇥ 106 elastic
events

Resolution DQ
2/Q

2 ⇡ 15 % at Q
2 = 10�3 GeV2
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Running or Planned Lepton Scattering Experiments

MUSE (PSI)

Low-energy elastic µp scattering

Eµ = 140 MeV ) substantial correction (percent level) due to
Coulomb distortion of wave function of non-relativistic muon

Correction for pion contamination in beam

Electron scattering experiments

PRad (JLab)
Two experiments at Mainz Microtron

1 Initial-state radiation
2 Simultaneous detection of scattered electron (forward tracker) and

recoil proton (active-target TPC)

Low-energy ep scattering
MAGIX at MESA (Mainz)
JPARC
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Phase 1

Determination of Pion Parton

Distribution Functions
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Motivation

Pion is lightest hadron and
Nambu-Goldstone boson of
spontaneous breaking of chiral
symmetry

Explaining properties and
structure of pion is
cornerstone of understanding
non-perturbative QCD

Not enough data to directly
constrain all pion PDFs )
need sum rules, models

More data needed

GRV: M. Glück et al., ZPC 53 (1992) 651

SMRS: P. J. Sutton et al., PRD 45 (1992) 2349

JAM: P. C. Barry et al., PRL 121 (2018) 152001
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COMPASS++/AMBER Proposal
Measurement of pion-induced Drell-Yan dimuon production

Isoscalar target: 12C to minimize nuclear effects

p+ and p� beams: separation of valence and sea-quark
contributions

Sval = sp� � sp+ only valence-valence

Ssea = 4sp+ � sp� no valence-valence

Goals
Collect 10⇥ more data than currently available

First precise and direct measurement of the sea contribution in the
pion
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Figure 18: Experimental setup for the proposed Drell-Yan and charmonium measurements. Top: sketch of target system and hadron absorber. Bottom: Extended setup.
The beam enters from the left.
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190 GeV beams
p+ (1.7 ⇥ 107 s�1)
p� (6.8 ⇥ 107 s�1)

Precise beam
tracking and
beam PID

Dedicated vertex
detector

Excellent dimuon
mass resolution

High-efficiency
dimuon trigger



COMPASS++/AMBER Projected Performance (2 Years)26

Figure 11: The ratio �sea/�val as a function of x� , using three di�erent sea-quark distributions from [48] for two
mass ranges. The ratio is also calculated with the sea-quark distribution from [53], which includes leading-neutron
DIS data from ZEUS [51] and H1 [52]. The shown statistical accuracy is expected when using the data-taking
conditions presented in the text. The blue shaded area is the uncertainty derived from the statistics quoted in the
NA3 paper [37].

In this expression, Acc (0.4) is the geometrical acceptance of the spectrometer for the considered dimuon-
mass range, and �X contains the estimated e�ciencies of beam extraction (0.85), experiment data-taking
availability (0.8), trigger (0.8), CEDARs (0.9) and dimuon o�ine reconstruction (0.8). The considered
values take into account the experience gathered during earlier measurements in fixed-target mode at the
SPS M2 beam line. The global e�ciency is estimated to be � = 0.16 .

In order to minimize the systematic uncertainties when evaluating Eqs. 22 and 23, precise cross-section
determinations are required. We aim at absolute cross-section measurements at the level of a 3%
systematic uncertainty. A cross check of the relative normalisation can be performed by comparing the
J/� cross sections for �� and �+, as for isoscalar targets the J/� cross section does not depend on the
charge of the incident meson. The cross-section ratio for �� and �+-induced J/� production on a platinum
target was measured to be (1.016 ± 0.006) by NA3 [56].

Figure 11 shows accuracy estimates for the ratio �sea/�val as a function of x� , in the dimuon mass
range 4.3 < Mµµ/(GeV/c2)< 8.5, which is a background-free Drell-Yan mass range. The dimuon mass
range 4.0 < Mµµ/(GeV/c2)< 8.5, accessible with an improved mass resolution thanks to new vertex
detectors, is also represented. The curves labelled SMRS represent the predictions [48] for three possible
contributions of the sea quarks to the pion momentum, ranging from 10% to 20%. The three di�erent
assumptions for the pion sea yield increasingly di�erent predictions for x� values below 0.5. The shaded
area represents the uncertainty band on the sea distribution as estimated from the sea-valence separation
of NA3 that is based solely on their own data.

In Tab. 4, the achievable statistics for a running period of two years, i.e. 2 � 140 days is compared to
the Drell-Yan statistics of earlier experiments. In the experimental conditions assumed above, the sea
contribution to the pion momentum could be evaluated with an accuracy better than 5%.

SMRS: P. J. Sutton et al., PRD 45 (1992) 2349

JAM: P. C. Barry et al., PRL 121 (2018) 152001

⇡ 25 000 Drell-Yan events
Dimuon mass resolution ⇡ 100 MeV

Extension of analyzed range to 4.0 < Mµµ < 8.5 GeV possible
35 % larger sample

22 Boris Grube, TU München COMPASS++/AMBER

Sval = sp� � sp+

Ssea = 4sp+ � sp�



COMPASS++/AMBER Proposal

Study of charmonium production

Drell-Yan samples
p + C: 1.2 ⇥ 106

J/y

p + W: 0.75 ⇥ 106
J/y

Similar amounts for p + C and
p + W
y(2S) cross section 10⇥ lower

Low-pT region dominated by
qq̄, gg ! J/y

Polarization of colliding partons
directly transferred to J/y

Test theory of quarkonium
production in low-pT domain

Verify hadronization model
Constrain pion PDFs

V. Cheung et al., PRD 98 (2018) 114029
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Study of charmonium production

Drell-Yan samples
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COMPASS++/AMBER Proposal

Study of nuclear dependence

Open question: flavor dependence of modification of nuclear PDFs
w.r.t. nucleon PDFs

Ideal tool: Drell-Yan dimuon production with p+ and p� beams

P. Paakkinen et al., PLB 768 (2017) 7 nCTEQ15: K. Kovarik et al., PRD 93 (2016) 085037

EPS09: K. Eskola et al., JHEP 04 (2009) 065
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Open question: flavor dependence of modification of nuclear PDFs
w.r.t. nucleon PDFs

Ideal tool: Drell-Yan dimuon production with p+ and p� beams

N

nCTEQ15: K. Kovarik et al., PRD 93 (2016) 085037

EPPS16: K. Eskola et al., EPJC 77 (2017) 163
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Phase 1

Measurement of p-Induced

p̄ Production Cross Section

25 Boris Grube, TU München COMPASS++/AMBER



COMPASS++/AMBER Proposal
Measurement of p-induced p̄ production cross section

AMS-02: precise data on cosmic antiparticle flux
Sources: standard model processes and annihilation of dark matter
particles
Limiting factor: prediction of standard model contribution to antiproton
flux

Dominant processes: p̄ production in scattering of p and 4He

p + p ! p̄ + X cross section: several measurements
p + 4He ! p̄ + X cross section: only LHCb at 4 TeV and 6.5 TeV

26 Boris Grube, TU München COMPASS++/AMBER
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AMS-02: precise data on cosmic antiparticle flux
Sources: standard model processes and annihilation of dark matter
particles
Limiting factor: prediction of standard model contribution to antiproton
flux

Dominant processes: p̄ production in scattering of p and 4He

p + p ! p̄ + X cross section: several measurements
p + 4He ! p̄ + X cross section: only LHCb at 4 TeV and 6.5 TeV

Goals

Measure cross section for p + p and p + 4He ! p̄ + X in 10 bins in p̄

momentum and rapidity
Statistical uncertainty of ⇡ 0.5 % per data point
Systematic uncertainty ⇡ 5 %
p beam energies: 60, 100, 150, 200, and 280 GeV
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Phase 2

Large Variety of Proposed

Measurements

27 Boris Grube, TU München COMPASS++/AMBER



Proposed COMPASS++/AMBER Phase-2 Measurements
Pion beam

Direct measurement of p0 lifetime
Color-screening effects in vector-meson production off nuclei

Muon beam and transversely polarized target

Measurement of GPD E in deeply virtual Compton scattering
Measurements of deeply virtual exclusive meson production

Low-energy antiproton beam

Heavy-quark meson spectroscopy

RF-separated antiproton beam

Drell-Yan with transversely polarized target:
nucleon transverse-momentum-dependent PDFs

RF-separated kaon beam

Drell-Yan, charmonium, and prompt-photon production:
determination of kaon PDFs
Primakoff reactions: electric polarizability of the kaon
Color-screening effects in strange vector-meson production off nuclei
Kaon diffraction: high-precision kaon spectroscopy

28 Boris Grube, TU München COMPASS++/AMBER
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RF-Separated Kaon and Antiproton Beams
Panofsky-Schnell Method P. Bernard et al., CERN-1968-029

Beam momentum limited by
length of beam line
Estimated intensities

Kaon: 5 ⇥ 106 s�1

Antiproton: 5 ⇥ 107 s�1

More detailed studies needed
to determine beam parameters
more precisely

Requires major investment

29 Boris Grube, TU München COMPASS++/AMBER
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Kaon Spectroscopy at COMPASS++/AMBER

PDG 2016: 25 kaon states below 3.1GeV/c
2

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)
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Example: Diffractive Production of K
�p+p� Final State
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ACCMOR, NPB 187 (1981) 1
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COMPASS data
Only subset of available
sample

Total sample ⇡ 700 000 events
(3.5⇥ WA03)
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Example: Diffractive Production of K
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COMPASS++/AMBER goal

> 10 ⇥ 106
K
�p+p� events

Apply partial-wave analysis
methods developed for
COMPASS
High-precision kaon
spectroscopy

Complete flavor multiplets
Look for partners of
non-strange exotic states
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COMPASS++/AMBER
A New QCD Facility at the M2 Beam Line of the CERN SPS

3 Measurements proposed for phase 1 (2022-24)
1 Proton radius in high-energy muon-proton scattering
2 Pion PDFs in pion-induced Drell-Yan
3 Antiproton production in pp and pHe collisions

Formation of a new collaboration is on track

Various hardware developments and upgrades are ongoing

Phase 2 (after LS3)

Broad physics program using conventional and RF-separated
beams

New ideas and collaborators are welcome!

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

32 Boris Grube, TU München COMPASS++/AMBER
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Spares
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COMPASS
PBC-QCD

30.1.2019 Jan Friedrich 60



Proton radius measurement from muon-proton 
high-energy scattering

12.06.19 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 reaches a precision 0.01 fm
• competitive to JLab, MAMI, MUSE
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New hardware: The active-target TPC for the 
proton radius measurement

12.06.19 Jan Friedrich 25



COMPASS
Test	in	2018	for	Proton	Radius	measurement

30.1.2019 Jan Friedrich 40

Test setup during 2018 DY run 
downstream COMPASS, check
• TPC operation in muon beam ✅
• vertex reconstruction with silicon 

telescopes ✅
• coincidence detection of scattered 

muon and recoiling proton ✅



COMPASS
Test	in	2018	– TPC	ring	signal correlations

30.1.2019 Jan Friedrich 41



Mass spectrum
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What do we know about kaon structure?

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

Limited statistics: 700 events with K≠

Sensitivity to SU(3)f breaking
Mostly only model predictions

Interesting observation: At hadronic scale gluons
carry only 5% of K’s momentum vs ≥30% in fi

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

How to improve the situation?

C. Chen et al., PRD 93 074021, 2016

Vincent Andrieux (UIUC/CERN) Trento Sep-2018 15/34



Kaon RF separated

DY cross-section
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Prompt photon cross-section
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Highest beam energy to increase
signal/bgd ratio
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apparatus
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Projections for Kaon structure
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More data points and more precise
compared to NA3
Discriminating power between models
1 year with 2 ◊ 107

s
≠1 100 GeV K≠ beam

fi taken simultanously
Unique and Promising

S-i. Nam PRD 86, 074005, 2012

Gauge-invariant nonlocal chiral-quark model

C. Chen et al., PRD 93 074021, 2016

Algebraic framework DSE
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Transverse momentum dependent PDFs

So far, I talked only about mesons but what about the nucleon?

At LO QCD, the nucleon can be
decomposed into 8 twist-2 TMD PDFs.

Using a transversally polarised target, one
can access in SIDIS as well as in Drell-Yan:

Sivers
Transversity
Pretzelosity

Vincent Andrieux (UIUC/CERN) Trento Sep-2018 25/34



Drell-Yan and SIDIS cross-section modulations
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Synergy DY vs SIDIS

DY: SIDIS:
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COMPASSExisting	beam	line,	antiproton-enriched	beam
Charmonium-like	mesons

30/01/19
Oleg Denisov

46

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



more new planned hardware

12.06.19 Jan Friedrich 28

• silicon pixel detectors 
• upgrades: large-area pixelGEM and MPGD
• CEDARs at high rates
• Beam Momentum Station for proton radius measurement
• elastic muon-scattering with SciFi detectors

MuPix8 detector array thermally shielded CEDARs SciFi prototype



COMPASSNew	ideas	for	silicon	detectors	ready	for	continuous	
readout	–Igor	and	team

30.1.2019 Jan Friedrich 51



COMPASSQCD	facility	– future	fixed	target	experiment	at	M2
Spectrometer	upgrades

30/01/19 Oleg Denisov 22
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Improvement of acceptance

Requirements: Active absorber
Trackers
Magnetic field
Good resolution for vertexing
Large area
Capabilitity to collect e

+
e

≠ DY pairs
Initial detector consideration:
Combination of

Baby-Mind detector
M. Antonova et al. arXiv:1704.08079

W-Si detectors, a la BNL
AnDY Phenix MPCEX Phenix NCC

Vincent Andrieux (UIUC/CERN) Trento Sep-2018 18/34

https://www.phenix.bnl.gov/WWW/publish/elke/TALKS/DY-May2011/Proceedings/ANDY.2.pdf
https://arxiv.org/pdf/1301.1096.pdf
https://www.phenix.bnl.gov/WWW/docs/upgrades/ncc/PHENIX_NCC_march2006.pdf
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