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TO THE DIFFERENT INSTALLATIONS

PSB PS Booster
ISOLDE Isotope Separator On Line Device
PS Proton Synchrotron 
EA East Experimental Area 
AD Antiproton Decelerator
SPS Super Proton Synchrotron 
n_TOF Neutron Time-of-Flight facility 
LHC Large Hadron Collider
NA North Experimental Area
...  Other uses, including accelerator studies (machine  
 development)

Quantity of protons used in 2016 by each 
accelerator and experimental facility, shown as 
a percentage of the number of protons sent by 
the PS Booster



a Radioactive Ion Beam (RIB) facility at

ISOLDE: approved by CERN council in 1964 
Started operation in 1967 
Initially used 600 MeV protons from SC 
Later 1.0 GeV (and 1.4 GeV) protons from PSB

UNIQUE worldwide thanks to 1.4 GeV protons on thick targets (20 cm)  
More than 50 years of experience in production of pure radioactive isotopes and beams 

➢ >1000 isotopes available already (of 3000 known) 
➢ >70 different elements 
➢ >10 different permanent experimental set-ups (and new ones coming!) 

Since 2001: re-acceleration of RIB’s with REX and HIE-ISOLDE (NC and SC Linac) 
➢ Beams up to 9.5 MeV/nucleon  
➢ Doubled the users community (reactions with RIB’s)  
➢ More than 45 experiments for more than 500 users/year (from 43 countries) 

 
(>1300 registered ISOLDE users)  



Example:	Emergence	of	Nuclear	Phenomena	from	QCD

Lattice	QCD

`

 How did visible matter come into being and how does it evolve?

`

Ab-initio	methods	
QMC,	GFMC,	CC,	IMSRG,	GGF….

clusters

Neutron matter 

single 
particle

collectivity Nuclei

Recent highlights from exotic nuclei @ 
ISOLDE-CERN: 
◆ Shape Staggering  

◆ [Marsh et al. Nature Phys. 14, 1163 (2018) ] 
◆ New “magic” nuclei 

◆ [Garcia Ruiz et al. Nature Phys. 12, 594 (2016)] 
◆ [Wienholtz et al. Nature 498, 346 (2013)] 

◆ Discovery of “pear” shaped nuclei 
◆ [Gaffney	et	al.	Nature	497,	199	(2013)]

Neutron-rich nuclei: 
“Quantum simulators” of neutron stars

Quantum 
Chromodynamics

Chiral Effective-Field Theory
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Broad physics scope beyond SM 
complementary to HEP searches 

☛ S. Paul

☛ S. Mertens



The	EPIC	project	@	ISOLDE

7

Exploiting	the	Potential	of	ISOLDE	at	CERN

1. Take	advantage	of	LHC	Injector	Upgrades:	proton	BOOSTER	energy	and	intensity	
increase  
												! gain	a	factor	of	2-10	in	radioactive	beam	intensity	

2. Install	additional	target	station(s):	allow	parallel	beams	
	 ! double	the	beam	time	for	increasing	amount	of	users		
	 (more	than	80	accepted	experiments,	typically	30	new	per	year	coming)	

3.			Install	a	‘Storage	Ring’	for	short-lived	(low-energy)	isotopes	–	unique	worldwide	
	 ! new	opportunities	in	atomic,	nuclear	and	fundamental	(new)	physics	

4.			A	new	experimental	hall	(new	experiments	coming	–	mostly	low-energy	for	searching	 
						new	symmetries/interactions)	

• MIRACLS	(ultrapure	beams)	
• PUMA	(interactions	between	exotic	matter/anti-matter)	
• Set-up/Trap	for	RaF	molecules	(eEDM	and	other	symmetry	violations)	
• Large	superconducting	magnet	for	materials	studies
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QCD @ Physics Beyond Collider

• summary report of QCD 
studies within the “Physics 
Beyond Colliders” initiative       


• selected results relevant for 
pre-accelerator complex:


• COMPASS++ / AMBER


• DIRAC++


• MUonE 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CERN-PBC-REPORT-2018-008

Physics Beyond Colliders

QCD Working Group Report

A. Dainese1, M. Diehl2,⇤, P. Di Nezza3, J. Friedrich4, M. Gaździcki5,6 G. Graziani7,

C. Hadjidakis8, J. Jäckel9, M. Lamont10 J. P. Lansberg8, A. Magnon10, G. Mallot10,

F. Martinez Vidal11, L. M. Massacrier8, L. Nemenov12, N. Neri13, J. M. Pawlowski9,⇤,

S. M. Pu lawski14, J. Schacher15, G. Schnell16,⇤, A. Stocchi17, G. L. Usai18, C. Vallée19,

G. Venanzoni20

Abstract: This report summarises the main findings of the QCD Work-

ing Group in the CERN Physics Beyond Colliders Study.

1 INFN, Sezione di Padova, Padova, Italy
2 Deutsches Elektronen-Synchroton DESY, 20603 Hamburg, Germany
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9 Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Hei-
delberg, Germany
10 CERN, 1211 Geneva 23, Switzerland
11 IFIC, Universitat de València-CSIC, Valencia, Spain
12 JINR Dubna, Russia
13 INFN, Sezione di Milano and Università di Milano, Milan, Italy
14 University of Silesia, Katowice, Poland
15 Albert Einstein Center for Fundamental Physics, Laboratory of High Energy Physics,
Bern, Switzerland
16 Department of Theoretical Physics, University of the Basque Country UPV/ EHU, 48080
Bilbao, Spain and IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain
17 LAL, CNRS-IN2P3, Univ. Paris-Sud, Université Paris-Saclay, 91440 Orsay Cedex, France
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⇤Working group conveners and editors of this summary report
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Proposals and studies within PBC-QCD

• experiments at SPS and fixed-target installations at LHC


• cover a broad range of topics in QCD

★ parton densities, proton and nuclear structure

★ heavy-ion physics

★ low-energy dynamics

★ measurements for other fields of HEP: (g-2)μ, cosmic rays, neutrinos

9

LHC FT gas LHC FT COMPASS++ MUonE NA61++ NA60++ DIRAC++

ALICE LHCb LHCSpin AFTER@LHC crystals

proton PDFs ⇥ ⇥ ⇥
nuclear PDFs ⇥ ⇥ ⇥ ⇥
spin physics ⇥ ⇥ ⇥ ⇥
meson PDFs ⇥
heavy ion physics ⇥ ⇥ ⇥ ⇥
elast. µ scattering ⇥ ⇥
chiral dynamics ⇥ ⇥
magnet. moments ⇥
spectroscopy ⇥
measurements for

cosmic rays and ⇥ ⇥ ⇥ ⇥ ⇥
neutrino physics

Table 1. Schematic overview of the physics topics addressed by the studies presented in the QCD working group.

8



QCD@pre-accelerators

Proposals and studies within PBC-QCD

• experiments at SPS and fixed-target installations at LHC


• cover a broad range of topics in QCD

★ parton densities, proton and nuclear structure

★ heavy-ion physics

★ low-energy dynamics

★ measurements for other fields of HEP: (g-2)μ, cosmic rays, neutrinos

9

LHC FT gas LHC FT COMPASS++ MUonE NA61++ NA60++ DIRAC++

ALICE LHCb LHCSpin AFTER@LHC crystals

proton PDFs ⇥ ⇥ ⇥
nuclear PDFs ⇥ ⇥ ⇥ ⇥
spin physics ⇥ ⇥ ⇥ ⇥
meson PDFs ⇥
heavy ion physics ⇥ ⇥ ⇥ ⇥
elast. µ scattering ⇥ ⇥
chiral dynamics ⇥ ⇥
magnet. moments ⇥
spectroscopy ⇥
measurements for

cosmic rays and ⇥ ⇥ ⇥ ⇥ ⇥
neutrino physics

Table 1. Schematic overview of the physics topics addressed by the studies presented in the QCD working group.

8

☛ J.-P. Lansberg ☛ T. Galatyuk
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MUonE

• motivation:

★ persistent discrepancy  

between measured (g-2)μ  
and SM theory


★ upcoming measurements  
at FNAL and J-PARC will 
improve (g-2)μ  precision

10

anomalous magnetic moment

aμ = (g-2)μ / 2

139 Page 2 of 8 Eur. Phys. J. C (2017) 77 :139

Fig. 1 Comparison between the SM predictions and the experimental
determinations aSM

µ and aExp
µ . DHMZ is Ref. [22], HLMNT is Ref. [23];

SMXX [24] is the average of the two previous values with a reduced
error as expected by the improvement on the hadronic cross section
measurement; BNL-E821 04 ave. is the current experimental value of
aµ; New (g-2) exp. is the same central value with a fourfold improved
precision, as planned by the future g-2 experiments at Fermilab and
J-PARC [1]

From the experimental side, the error achieved by the BNL
E821 experiment, δaExp

µ = 6.3 × 10−10 (corresponding to
0.54 ppm) [19], is dominated by the available statistics. New
experiments at Fermilab and J-PARC, aiming at measuring
the muon g-2 to a precision of 1.6 × 10−10 (0.14 ppm), are
in preparation [20,21].

Figure 1, from Ref. [1], shows the status of the g-2 dis-
crepancy compared with what could be expected after the
new g-2 measurements at Fermilab and J-PARC, assum-
ing that the central value would remain the same. Together
with a fourfold improved precision on the experimental side,
an improvement on the LO hadronic contribution is highly
desirable. Differently from the dispersive approach, which
relies on time-like data from annihilation cross sections, our
proposal is to determine aHLO

µ from a measurement of the
effective electromagnetic coupling in the space-like region,
where the vacuum polarization is a smooth function of the
squared momentum transfer. This method has been recently
proposed [25] by using Bhabha scattering data. A method to
determine the running of α by using small-angle Bhabha scat-
tering was proposed in [26] and applied to LEP data in [27].
The hadronic contribution to the running of α can also be
determined unambiguously through the t-channel µe elastic

scattering process, from which aHLO
µ could be obtained, as

detailed in this paper.
The paper is organized as follows. After a short review of

the theoretical framework in Sect. 2, we present our exper-
imental proposal in Sect. 3. Preliminary considerations on
the detector and systematic uncertainties are given in Sect. 4
and Sect. 5, respectively, while our conclusions are drawn in
Sect. 6.

2 Theoretical framework

With the help of dispersion relations and the optical theorem,
the LO hadronic contribution to the muon g-2 is given by the
well-known formula [3–5,28]

aHLO
µ =

(αmµ

3π

)2
∫ ∞

4m2
π

ds
K̂ (s)Rhad(s)

s2 , (1)

where Rhad(s) is the ratio of the total e+e− → hadrons and
the Born e+e− → µ+µ− cross sections, K̂ (s) is a smooth
function and mµ (mπ ) is the muon (pion) mass. We remark
that Rhad(s) in the integrand function of Eq. (1) is highly
fluctuating at low energy due to hadronic resonances and
threshold effects. The dispersive integral in Eq. (1) is usually
calculated by using the experimental value of Rhad(s) up to a
certain value of s [18,29,30] and by using perturbative QCD
(pQCD) [31] in the high-energy tail. For the calculation of
aHLO
µ , an alternative formula can also be exploited [25,32],

namely

aHLO
µ = α

π

∫ 1

0
dx (1 − x)$αhad[t (x)] , (2)

where $αhad(t) is the hadronic contribution to the running
of the fine-structure constant, evaluated at

t (x) =
x2m2

µ

x − 1
< 0, (3)

the space-like (negative) squared four-momentum transfer. In
contrast with the integrand function of Eq. (1), the integrand
in Eq. (2) is smooth and free of resonances.

By measuring the running of α,

α(t) = α(0)
1 − $α(t)

, (4)

where t = q2 < 0 and α(0) = α is the fine-structure constant
in the Thomson limit, the hadronic contribution $αhad(t) can
be extracted by subtracting from $α(t) the purely leptonic
part $αlep(t), which can be calculated order-by-order in per-
turbation theory (it is known up to three loops in QED [33]
and up to four loops in specific q2 limits [34–36]).

Figure 2 (left) shows $αlep and $αhad as a function of
the variables x and t . The range x ∈ (0, 1) corresponds
to t ∈ (−∞, 0), with x = 0 for t = 0. The integrand

123

[G. Abbiendi et al., Eur. Phys. J. C (2017) 77:139 ]
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MUonE

• motivation:

★ persistent discrepancy  

between measured (g-2)μ  
and SM theory


★ upcoming measurements  
at FNAL and J-PARC will 
improve (g-2)μ  precision


★ two main theory uncertainties:  
light-by-light (LBL) scattering,  
and hadronic vacuum pol. (HVP)  
(aka hadronic leading-order  
 correction - HLO) 

★ aim of MUonE:  independent determination of HVP  
                          with comparable precision to extraction  
                          from e+ e- annihilation and τ decays

11

aµ
HVP

aµ
LBL

aµ
EXP

0 1 2 3 4 5 6 7

MUonE precision goal

Keshavarzi, Nomura, Teubner [PRD 97 (2018) 114025]

Jegerlehner [EPJ Web Conf. 166 (2018) 00022]

Prades, de Rafael, Vainstein [arXiv:0901.0306]

Jegerlehner [arXiv:1804.07409]

J-PARC E34 goal [JPS Conf. Proc. 8, 025008 (2015)]

FNAL g−2 goal [arXiv:1801.00084]

BNL E821 [Phys.Rev., D73 (2006) 072003]

uncertainty [10−10]

uncertainties on aµ
EXP, aµ

LBL and aµ
HVP

anomalous magnetic moment

aμ = (g-2)μ / 2High	precision	measurement	of	aµHLO	with	

a	150	GeV	µ	beam	on	e-	target	at	CERN	

CERN,	7	September	2016	

µ µγ γ

γ

G.	Abbiendi1,	C.M.Carloni	Calame2,		U.	Marconi1,	C.	Matteuzzi3,	G.	Montagna2,4,	
O.	Nicrosini2,	M.	Passera5,	F.	Piccinini2,	R.	Tenchini6,		L.	Trentadue3,7,																	

G.	Venanzoni8	

	
1INFN,	Sezione	di	Bologna,	Bologna,	Italy	
2INFN,	Sezione	di	Pavia,	Pavia,	Italy	
3INFN,	Sezione	di	Milano	Bicocca,	Milano,	Italy	
4Universita'	di	Pavia,	Pavia,	Italy		
5INFN,	Sezione	di	Padova,	Padova,	Italy	
6INFN,	Sezione	di	Pisa,	Pisa,	Italy	
7Universita'	di	Parma,	Parma,	Italy		
8INFN,	Laboratori	Nazionali	di	Frascati,	Frascati,	Italy	
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MUonE
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Figure 2: The relation between the muon and electron scattering angles for
150 GeV incident muon beam momentum. The blue triangles indicate the
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[MUonE, id118]

• μe elastic scattering:


• requires relative accuracy of 10-5 on cross section for experiment 
and theory (QED radiative corrections) 
 
 
 
 
 

• based mainly on CMS  
Si tracker technology 
done by corresponding 
CMS experts 
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MUonE
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• requires relative accuracy of 10-5 on cross section for experiment 
and theory (QED radiative corrections)
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physics target:  
0.3% statistical precision on 

area under curve = aμHVP


2 years of data taking (4x107s)


from pseudo data: 

aμHVP = (686.9 ± 2.3)x10-10

aμ = gμ/2 − 1 0
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F. Jegerlehner’s hadr5n12

Fit to pseudo-data (Padé)

pQCD + time-like data

pseudo-data

Alternative	(space-like	)	approach:		
aµHLO	from	a	150	GeV	µ	beam	on	e-	target	at	CERN		

	
aµ
HLO =

α
π

(1− x)
0

1

∫ Δαhad (−
x2

1− x
mµ
2 )dx

x	

(1− x)Δαhad (−
x2

1− x
mµ
2 )

(t=0) (t=-∞) 
0.92	

•  Measure	 Δαhad(t)	 through	 the	 elastic	
scattering	µe	àµ	e;		t=q2=-2meEe	<0	

•  Simple	kinematics	 (2	body	process)	 allows	 to	
span	 the	 region	 0<-t<0.143	GeV2	 	 (0<x<0.93);	
87%	of	 total	 aµHLO	(the	 rest	 can	be	 computed	
by	pQCD/time-like	data)	

•  t=q2	from	angular	measurement	of	e/µ
•  Highly	 boosted	 system	 gives	 access	 to	 all	

angles	(t)	in	the	cms	region		
•  Same	 detector	 for	 signal	 and	 normalization	

à	 cancellation	 of	 detector	 effects	 at	 first	
order	

	t=-0.11	GeV2	
(~330	MeV)		

t=q2<0 α(t) 

x = t
2mµ

2 (1− 1−
4mµ

2

t
); (0 ≤ x <1);

t=0 t=-∞ 

µ µ

e e

normalization	 signal	
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AMBER (aka COMPASS++)

• a comprehensive physics 
program suggested to run at 
the M2 beam line


• includes measurements with 
 
 
 
 

• spanning several LHC runs


• RF-separated beams would 
basically eliminate the high-
E/high-I muon beam  
(unique in the world!)


• not all topics to be covered 
here!  

14

✦ upgraded RF-separated 
hadron beams

✦ conventional muon and  
hadron beams

A New QCD Facility at the M2 beam line of the CERN SPS

Table 1: Requirements for future programmes at the M2 beam line after 2021.
Muon beams are in blue, conventional hadron beams in green, and RF-
separated hadron beams in red.

Physics Beam Beam Trigger Beam Earliest Hardware
Program Goals Energy Intensity Rate Type Target start time, additions

[GeV] [s�1] [kHz] duration

muon-proton Precision high- active TPC,
elastic proton-radius 100 4 · 106 100 µ± pressure 2022 SciFi trigger,

scattering measurement H2 1 year silicon veto,
Hard recoil silicon,

exclusive GPD E 160 2 · 107 10 µ± NH"
3 2022 modified polarised

reactions 2 years target magnet
Input for Dark p production 20-280 5 · 105 25 p LH2, 2022 liquid helium
Matter Search cross section LHe 1 month target

target spectrometer:
p-induced Heavy quark 12, 20 5 · 107 25 p LH2 2022 tracking,

spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 7 · 107 25 ⇡± C/W 2022

1-2 years

Drell-Yan Kaon PDFs & ⇠100 108 25-50 K±, p NH"
3, 2026 ”active absorber”,

(RF) Nucleon TMDs C/W 2-3 years vertex detector
Kaon polarisa- non-exclusive

Primako↵ bility & pion ⇠100 5 · 106 > 10 K� Ni 2026
(RF) life time 1 year

Prompt non-exclusive

Photons Meson gluon � 100 5 · 106 10-100 K± LH2, 2026 hodoscope
(RF) PDFs ⇡± Ni 1-2 years

K-induced High-precision
Spectroscopy strange-meson 50-100 5 · 106 25 K� LH2 2026 recoil TOF,

(RF) spectrum 1 year forward PID
Spin Density

Vector mesons Matrix 50-100 5 · 106 10-100 K±, ⇡± from H 2026
(RF) Elements to Pb 1 year

ity the proton-radius puzzle remains unsolved up to now. Presently, a discrepancy
as large as 5 standard deviations exists between the two most recent precision
measurements: rrms

CREMA = 0.841± 0.001 from line-splitting measurements in laser
spectroscopy of muonic hydrogen and rrms

MAMI = 0.879±0.008 from elastic electron-
proton scattering.

We propose to perform a one-year measurement using high-energy muons of the
CERN M2 beam line, which will provide a new and completely independent result
on the proton radius with a statistical accuracy of 0.01 and considerably smaller
systematic uncertainty. Using muons instead of electrons is highly advantageous,
as several experimental systematic e↵ects and also theoretical (radiative) correc-
tions are considerably smaller. The measurement will employ a time-projection
chamber filled with pure hydrogen up to pressures of 20 bar, which serves at the

3

[AMBER, arXiv:1808.00848]
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systematic uncertainty. Using muons instead of electrons is highly advantageous,
as several experimental systematic e↵ects and also theoretical (radiative) correc-
tions are considerably smaller. The measurement will employ a time-projection
chamber filled with pure hydrogen up to pressures of 20 bar, which serves at the

3

[AMBER, arXiv:1808.00848]



QCD@pre-accelerators

AMBER (aka COMPASS++)

• a comprehensive physics 
program suggested to run at 
the M2 beam line


• includes measurements with 
 
 
 
 

• spanning several LHC runs


• RF-separated beams would 
basically eliminate the high-
E/high-I muon beam  
(unique in the world!)


• not all topics to be covered 
here!  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✦ upgraded RF-separated 
hadron beams

✦ conventional muon and  
hadron beams

A New QCD Facility at the M2 beam line of the CERN SPS

Table 1: Requirements for future programmes at the M2 beam line after 2021.
Muon beams are in blue, conventional hadron beams in green, and RF-
separated hadron beams in red.

Physics Beam Beam Trigger Beam Earliest Hardware
Program Goals Energy Intensity Rate Type Target start time, additions

[GeV] [s�1] [kHz] duration

muon-proton Precision high- active TPC,
elastic proton-radius 100 4 · 106 100 µ± pressure 2022 SciFi trigger,

scattering measurement H2 1 year silicon veto,
Hard recoil silicon,

exclusive GPD E 160 2 · 107 10 µ± NH"
3 2022 modified polarised

reactions 2 years target magnet
Input for Dark p production 20-280 5 · 105 25 p LH2, 2022 liquid helium
Matter Search cross section LHe 1 month target

target spectrometer:
p-induced Heavy quark 12, 20 5 · 107 25 p LH2 2022 tracking,

spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 7 · 107 25 ⇡± C/W 2022

1-2 years

Drell-Yan Kaon PDFs & ⇠100 108 25-50 K±, p NH"
3, 2026 ”active absorber”,

(RF) Nucleon TMDs C/W 2-3 years vertex detector
Kaon polarisa- non-exclusive

Primako↵ bility & pion ⇠100 5 · 106 > 10 K� Ni 2026
(RF) life time 1 year

Prompt non-exclusive

Photons Meson gluon � 100 5 · 106 10-100 K± LH2, 2026 hodoscope
(RF) PDFs ⇡± Ni 1-2 years

K-induced High-precision
Spectroscopy strange-meson 50-100 5 · 106 25 K� LH2 2026 recoil TOF,

(RF) spectrum 1 year forward PID
Spin Density

Vector mesons Matrix 50-100 5 · 106 10-100 K±, ⇡± from H 2026
(RF) Elements to Pb 1 year
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as large as 5 standard deviations exists between the two most recent precision
measurements: rrms

CREMA = 0.841± 0.001 from line-splitting measurements in laser
spectroscopy of muonic hydrogen and rrms

MAMI = 0.879±0.008 from elastic electron-
proton scattering.

We propose to perform a one-year measurement using high-energy muons of the
CERN M2 beam line, which will provide a new and completely independent result
on the proton radius with a statistical accuracy of 0.01 and considerably smaller
systematic uncertainty. Using muons instead of electrons is highly advantageous,
as several experimental systematic e↵ects and also theoretical (radiative) correc-
tions are considerably smaller. The measurement will employ a time-projection
chamber filled with pure hydrogen up to pressures of 20 bar, which serves at the
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AMBER: proton radius

• persistent discrepancies on  
proton charge radius rp  
determined from spectroscopy  
(H, muonic H) and ep elastic  
scattering


• different fits to ep data yield  
widely different rp 

 

• goal: rp from high-energy (100 GeV) μp elastic scattering

★ advantages over ep scattering:

15

without A1
ep scatt. world data

including A1
ep scatt. world data

only A1 data
ep scattering

H world average 2010
µp
µp

µd + isotope shift
H (2S−4P)
H (1S−3S)

0.82 0.84 0.86 0.88 0.9 0.92 0.94

Borisyiuk [NPA 843 (2010) 59]
Hill, Paz [PRD 82 (2010) 113005]
Zhan et al [PLB 705 (2011) 59]
Lee, Arrington, Hill [PRD 92 (2015) 013013]

Sick [Prog Part Nucl Phys 67, 473 (2012]
Higinbotham et al [PRC 93 (2016) 055207]

Bernauer et al, A1 coll. [PRL 105 (2010) 242001]
Lorenz Hammer, Meissner [EPJA 48 (2012) 151]
Lorenz, Hammer, Meissner [PRD 91 (2015) 014023]
Lee, Arrington, Hill [PRD 92 (2015) 013013]
Griffioen, Carlson, Maddox [PRC 93 (2016) 065207]
Horbatsch, Hessels, Pineda [PRC 95 (2017) 035203]

Mohr et al, CODATA 2010 [Rev. Mod. Phys. 84 (2012) 1527]
Pohl et al, CREMA coll. [Nature 466, 213 (2010)]
Antognini et al, CREMA coll. [Science 339, 417 (2013)]
Pohl et al, CREMA coll. [Science 353, 669 (2016)]
Beyer et al [Science 358, 79 (2017)]
Fleurbaey et al [PRL 120 (2018) 183001]

rp [fm]

proton charge radius from spectroscopy or ep scattering

✦ very small contamination from magnetic form factor
✦ smaller QED radiative corrections as compared to e- beam

1

6
r2
p = � d

dQ2

����
Q2=0

GE(Q2)
<latexit sha1_base64="guhJ/0Jgz+qXbv3ZPg4gLjKgQ9Y="></latexit>
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AMBER: proton radius

• demanding measurement: small scattering angle


• form-factor measurement of elastic scattering in 10-3…10-2 GeV2 
Q2 range 
 
 
 
 
 
 
 
 
 
 
 
(MAMI-A1 parametrization normalized to dipole form factor)
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AMBER: proton radius

• demanding measurement: small scattering angle


• employ high-pressure hydrogen TPC as active target 
☛ use recoil proton for kinematics


•  
 

• pseudo-data [based on MAMI-A1 parametrization] and various fits

★ preferred fit of pseudodata gives Δstat rp = 0.013 fm

★ experimental and fitting uncertainties to be quantified 

17
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Figure 16. (Top) Proton form factors G

E

and G

M

(as labelled) from fits to MAMI data [64],
shown as ratios to the dipole form factor G

D

. Indicated as well are the curves for proton charge
radii of 0.81, 0.84, and 0.88 fm. (Bottom) Ratio of the cross section (using the MAMI form-factor
parameterisations) over the one using the dipole form factor. The innermost (red) uncertainty
band corresponds to the e↵ect of the uncertainty of G

E

only, while for the (blue) middle band the
uncertainty from G

M

was added linearly, and for the outer (grey) band the contribution from �G

M

was increased by a factor of five. Pseudo-data (points) were sampled according to the form factors
from Ref. [64] and reflect the envisaged statistical precision of the COMPASS++ measurement.
Only the low-Q2 points in black were used in the various fits (polynomial in Q

2) to the pseudo-data
shown as magenta (linear), purple (quadratic) and yellow (3rd order) curves. Pseudo-data points
in grey require a di↵erent detector setup and are shown here for completeness. Only statistical
uncertainties are shown as expected to dominate the systematic point-to-point uncertainty.

time-projection chamber (TPC) with pressurised pure hydrogen that also acts as the target. Such
a target has been developed by PNPI [62, 63], and is in the testing phase for a similar experiment
using electron scattering at Mainz.

Performance expectations: The design goal is to measure the electric form factor to such
precision as to be sensitive to the proton charge radius at a level of 0.01 fm. Figure 16 (top)
shows the electric and magnetic form factors from Ref. [64] scaled to the specific dipole form factor
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proton radius (world-wide efforts)
• MUSE: low-E μ± and e± scattering to reduce systematics and to compare directly 

for hints of lepton-flavor violation. Data-taking in 2018-20; goal: sub-% relative 
precision over a Q2 range of 0.002—0.07 GeV2 to extract the proton radius to a 
precision of 0.007 fm. 


• PRad at JLab already took the presently lowest Q2 data in ep elastic scattering. 
Preliminary results favor a generally lower proton radius of 0.830 ± 0.008stat ± 
0.018syst fm.  
Exploits simultaneous measurement of well-known Møller scattering as reference 
to reduce systematics.


• @MAMI: use similar approach as AMBER (TPC as an active target), likely in 2020. 
Ongoing are runs with low beam-E and via ISR. Furthermore, MAGIX/MESA9 
plans to run from 2021/22 on. 


• Very-low Q2 data to come from ULQ2 and ProRad experiments at Tohoku Low-
Energy Electron Linac (Japan) and the PRAE facility in Orsay (France), 
respectively. ULQ2 (start in 2019?) aims at absolute cross-section measurement 
with 10−3 precision to obtain Rosenbluth separated GE(Q2) and GM(Q2) within 
0.0003 ≤ Q2[GeV2] ≤ 0.008, using a 10–60 MeV e− beam. ProRad will utilize a 30–
70 MeV e− beam and aims at a 0.1% precision on the elastic cross section. 

18
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AMBER: Drell-Yan with π beams

• pion plays special role in 
QCD (Goldstone boson)


• π PDFs very poorly known


• unique opportunity: Drell-
Yan with π- and π+ beams:

★ separation of sea and 

valence quarks 


★ highly complementary to 
plans in ep scattering 
(JLab, EIC)
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Figure 17. Overview of pion-induced Drell–Yan event yields for ⇡+ (left) and ⇡

� (right) from
past experiments and the proposed COMPASS++ running of 280 days at a beam energy of 190
GeV. In addition to the pion beam energies, the various target nuclei at the di↵erent experiments
are indicated. (Numbers compiled from Table 3 in the LoI [11])

Performance expectations and worldwide landscape: COMPASS++ proposes to use
the M2 pion beams at 190 GeV on an iso-scalar carbon target. Two years (2⇥140 days) of data
taking at high beam intensity would allow an improved extraction of the pion PDFs for x

⇡

>

0.1. Figure 18 illustrates the impact of the COMPASS++ data on the ⌃sea/⌃val ratio.11 Such
measurement would be a unique possibility for separating valence and sea quarks in the pion for
x

⇡

>⇠ 0.1, with strong complementarity to the pion-structure studies in ep scattering (o↵ virtual
pions via the Sullivan process) foreseen at JLab12 and at a future EIC.12 There is presently no
competition in this sector as no other facility provides high-intensity high-energy pion beams. It
should be noted that parallel to the data on the Drell–Yan process a rather large data set on J/ 

production will be collected, which would allow detailed studies of charmonium production.

2.3.3 Kaon polarisability from the Primakov reaction

The electric and magnetic polarisabilities of a meson, ↵ and �, characterise its response to a
quasistatic electromagnetic field. For pions and kaons, they can be computed in chiral perturbation
theory (�PT), which makes them prominent observables for the quantitative investigation of QCD
in the low-energy limit. The currently most precise measurement of the electric pion polarisability
is ↵

⇡

= (2.0± 0.6
stat

± 0.7
syst

)⇥ 10�4 fm3, which is in good agreement with the predictions of �PT
and dispersion relations. This result was obtained by COMPASS [76] in the so-called Primakov
reaction ⇡�

Z ! ⇡

�
�Z using a 190GeV negative pion beam and a Ni target, making the assumption

↵

⇡

+ �

⇡

= 0. The latter is motivated by �PT [77], where ↵
⇡

+ �

⇡

= 0 is nonzero only at two-loop
level.

11The SMRS curves are ad hoc assumptions for the sea distributions as data could not constrain them

in that analysis.
12See, e.g., the presentation by T. Horn at https://www.jlab.org/conferences/ugm/program.html.
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Synergy with cosmic-ray physics

• Anti-proton production and nuclear 
fragmentation @PBC-QCD                  

★ LHCb-FT

★ ALICE-FT

★ NA61++ 

★ AMBER:


• M2 p beam [20-280 GeV]


• anti-proton production in  
p+p and p+4He


• O(5%) precision for 20x20 bins in, 
e.g., momentum and pseudo-rapidity

20

Example for QCD-related limitations in flux calculations

Parameter space needed to be covered for 
p+4He channel for anti-proton production 

9

FIG. 9. Comparison of the statistical measurement uncer-
tainty by the experiment NA49 [21] to our standard re-
quirement, 3% accuracy inside the contour and 30% out-
side, which is shown by color grades. The points with green
border fulfill our 3% requirement.

for a selection of data samples collected in the previous
decades are shown in Appendix B.

Given the relevance of the helium production chan-
nels in the p̄ spectrum, we come back to the discussion
of heavier channels and explicitly study the parameter
space an experiment, using high-energy protons scat-
tering o↵ a fixed helium target, should have in order to
fulfill the 3%-30% requirement and reach the AMS-02
precision of the p̄ spectrum. We remind that, as stated
in Eq. (7), the relevant cross section uncertainties are
set equal for all the production channels. In Fig. 10 we
display the according contours in the parameter space of
antiproton momentum and transverse momentum. All

FIG. 10. Parameter space for the pHe channel correspond-
ing to an exemplary fixed target experiment. The di↵erent
shaded areas correspond to di↵erent proton beam energies.

FIG. 11. Future projection. AMS-02 in 2024 and 5% con-
stant uncertainty.

variables are in the fixed target frame and, hence, the
conveyed information is very similar to Fig. 7(a). The
parameter space which has to be measured spans from
below 10 GeV to more than 6.5 TeV, while the required
p̄ momentum tracks the AMS-02 measurement range
from about 1 to 350 GeV. The LI transverse momen-
tum p

T

remains, as expected from Fig. 7(b), between
0.04 and 2 GeV. Again, at Tp below 10 GeV or equiv-
alently above 2 TeV the size of the contours shrinks
because then the dominant production of antiproton is
below or above the AMS-02 measurement range, respec-
tively.

Finally, we undergo the exercise to investigate fu-
ture requirements on cross section measurements to ex-
plain the highest energies which is measured by AMS-
02. Fig. 11 is a dedicated plot for fixed Tp̄ = 350 GeV,
which corresponds to the central value of the last energy
bin of the current AMS-02 measurement. The figure
contains the same information as Fig. 7(a), displaying
the usual contours with 3% and 30% accuracy require-
ment for inner and outer parameter space, respectively.
We find that the p + p ! p̄ + X cross section should
be measured with a proton beam of Tp ⇠ 2 TeV and ⌘

around 7. The corresponding CM frame variables arep
s ⇠ 60 GeV, x

R

⇠ 0.18, and p

T

⇠ 0.64 GeV, which are
probably more feasible for experiments than the high
pseudorapidity values required in the LAB frame.
In the present situation the large energy part Tp̄

>⇠ 100
GeV of the AMS-02 flux is dominated by statistical
uncertainties. Hence, until the scheduled operation of
AMS-02 in 2024, the accuracy will increase. To estimate
this improvement, we assume that systematical uncer-
tainties stay constant, while the statistical uncertainty
reduces according to the Poisson statistics. The current
AMS-02 analysis contains four years of data, and until
2024 AMS-02 may collect 13 years of data. Accordingly,
we rescale the statistical error by a factor of

p
4/13. As

☛ T. Pierog
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Synergy with cosmic-ray physics

• Anti-proton production and nuclear 
fragmentation @PBC-QCD                  

★ LHCb-FT

★ ALICE-FT

★ NA61++ 

★ AMBER:


• M2 p beam [20-280 GeV]


• anti-proton production in  
p+p and p+4He


• O(5%) precision for 20x20 bins in, 
e.g., momentum and pseudo-rapidity


• complementary to, e.g., LHCb-FT
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Example for QCD-related limitations in flux calculations

Parameter space needed to be covered for 
p+4He channel for anti-proton production 
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Long-term prospect: RF-separated beams @ M2 line

• RF-separated kaon beams would allow wide range of unique QCD 
studies with AMBER

★ kaon spectroscopy

★ kaon polarizabilities (Primakov reaction, chiral symmetry breaking)

★ PDFs (Drell-Yan, prompt photons)


• feasibility study for RF-separated beams started in PBC conventional 
beams working group

★ to be followed up: achievable beam parameters (energy, intensity)

★ what are minimum beam requirements for the different physics?

22
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4 Hadron physics with RF-separated beams

4.1 Beam line

In view of several proposals to perform new experiments with high-energy hadron beams at CERN, a
study of a possible enrichment of desired particle species in the M2 beam has been launched by EN-
EA in the context of the Physics Beyond Colliders Initiative. Contrary to the case of lower energies as
described in Sec. 3.2.2, at higher energies an enrichment of antiprotons is not naturally given by decays
of other particles over the length of a beam line, which is due to higher lifetimes of particles in the
laboratory frame. In addition, several proposals prefer a higher content of kaons and positive pions in
the beam.
Starting from studying limitations in terms of production of particles, there are several possibilities to
enrich the content of a wanted particle species in the beam, usually by suppression of unwanted particles.
Due to the 1/p3 dependence of electro-static separators, it is not reasonable to use such a method at beam
energies higher than a few GeV. While in principle an enrichment by differential absorption would be
feasible, the very low efficiency, high losses, and small suppression factors for unwanted particles leave
only the possibility of radio-frequency (RF) separated beams.
The method of RF-separation was first employed at CERN in the 1960s based on ideas of Panofski and
Schnell as for instance described in Ref. [118]. The main idea is based on the different velocities of
particle species in a beam with defined momentum.

As displayed in Fig. 26, two dipole RF cavities (RF1 + RF2) with frequency f are implemented at a
given distance L. The transverse kick of RF1 is either amplified or compensated by RF2 depending on
the phase difference between both. This phase difference is given by the difference of velocities of the
various particle species. For two species i (i = 1,2) with masses mi and velocities bi, the phase difference
reads DF = 2p(L f/c)(b�1

1 �b

�1
2 ). In the limit of large momenta, the phase difference can be expressed

as a mass difference between the two species at the beam momentum p:

DF = 2p(L f/c)
m2

1 �m2
2

2p2

For kaons as wanted particles, the phase difference could be chosen at DF
p p = 2p , which results in

DF
pK = 94�. This means that the kick for both protons and pions would be compensated by RF2 and

they would be absorbed in the beam stopper. The kaons would receive a close-to-maximum transverse
kick and mostly go around the stopper. For antiproton beams, the phase difference could be chosen at
DF

p p̄ = p , which results in DF p̄K = 133� and DF p̄e = 184�. In this case, the antiprotons would receive an
acceptable deflection while electrons and pions are dumped effectively. Based on a study by J.Doornbos
at TRIUMF for CKM, we assume a similar input for frequency ( f = 3.9 GHz) and kick strength of the
RF cavities (d pT = 15 MeV/c). Given the length of 1.1 km of the M2 beam line, the length L between
cavities cannot be chosen larger. In such a study case, the upper momentum limitation for RF-separated
kaon beams would be about 75 GeV/c and about 108 GeV/c for RF-separated antiproton beams, see

RF1	 RF2	
beam	transport	 beam	stopper	

L

Figure 26: Panofsky-Schnell method for RF-separated beams. The unwanted particles (red) are stopped
by a beam stopper while the wanted particles (green) receive a net deflection by the combination of the
RF1 and RF2 dipole RF cavities out of the central axis, which is sufficient to go around the stopper.

[AMBER, arXiv:1808.00848]
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AMBER: kaon structure

• Drell-Yan:  K- + C → μ+μ- (or e+e-) + X    


★ comparing with π- + C Drell-Yan:  u-quark density in kaon 
(relative to pion)


★ kaon and pion distributions related by SU(3)f symmetry  
→ study of SU(3)f breaking (influence of s-quark mass)


★ measurement w/o competition 

• Drell-Yan:  K± + C 


★ kaon sea/valence distributions 

• Drell-Yan:  K+ + p  → γ + X  


★ kaon gluon distribution through prompt-photon production
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Figure 31: Left: Valence PDFs for the u-quark in the pion and for the u and s-quarks in the kaon,
following the framework described in Ref. [153]. Right: Projected statistical uncertainties on the kaon-
to-pion Drell-Yan yield ratio, assuming a 100 GeV kaon beam and 140 days of data taking with a carbon
target. The projections are given for both dimuon and dielectron channels. The results are compared to
those of the NA3 measurement and to a calculation using the DSE functional forms from [55].

are now technical solutions that may be explored in an innovative way to serve this purpose. As will be
explained in Sec. 5.3.5, a highly-segmented active absorber with embedded magnetic field may be the
ideal device for the detection of large-angle lepton pairs, providing dielectron tracking, dimuon vertex-
pointing capabilities, dilepton auto-trigger and muon-momentum measurement. Layers of magnetised
iron with tungsten-silicon detectors sandwiched in between seem to be a viable option, the feasibility of
which will be further explored. Simple calculations show that a detector with transverse dimensions of
1.5 ⇥ 1.5 m2 and 250 cm length could be located 75 cm downstream of the polarised target, and would
still provide ±250 mrad coverage. Table 5 gives the achievable statistics for 140 days of beam time using
a polarised NH3 target and the above sketched active absorber.

Experiment Target Beam Beam intensity Beam energy DY mass DY events
type type (part/sec) (GeV) (GeV/c2) µ

+
µ

� e+e�

This exp. 110 cm NH3 p̄ 3.5⇥107
100 4.0 – 8.5 28,000 21,000
120 4.0 – 8.5 40,000 27,300
140 4.0 – 8.5 52,000 32,500

Table 5: Achievable statistics of the new experiment with an active absorber and 140 days of beam time.

4.3.2 Valence-quark distributions in the kaon

The presence of the valence strange-quark significantly alters the properties of the kaon in comparison
to those of the pion. Being much heavier than the light quarks, it carries a larger fraction of the kaon
momentum. Accordingly, the valence contents of the kaon is expected to be significantly different from
that of the pion. At the same Q2 scale, the s̄K(x) and uK(x) valence-quark distributions of the kaon are
expected to peak at values that are larger and smaller, respectively, than in the case of the pion. These
distributions, calculated in the framework of the Dyson-Schwinger Equations [55], are compared to the
u

p

(x) valence-quark distribution of the pion in the left panel of Fig. 31. All three PDFs are evaluated at a
small, non-perturbative QCD scale and then evolved to 5.2 GeV, which is a scale typical for fixed-target
Drell-Yan experiments.

Since the u-quark valence distribution in the kaon carries a momentum fraction smaller than that in
the pion, it should show a somewhat faster decrease for large x values. This behaviour is qualitatively
confirmed by the first and only available experimental comparison between K� and p

�-induced Drell-
Yan measurements [154] by the NA3 collaboration, as shown in the right-hand side of Fig. 31. The
presented NA3 result is based on 700 Drell-Yan events produced with kaons as compared to 21,000

[AMBER, arXiv:1808.00848]
— DSE prediction, arXiv:1602.01502
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AMBER: kaon spectroscopy
• strange-meson spectrum remains 

poorly known


• measurement with high-energy 
RF-separated K beam 

★ clear separation of strange-

meson and recoiling systems

★ aim at similar-size data set 

(~20×106 events) as collected 
with π beam (example below)
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FIG. 56: Masses and widths of (a) aJ -like and (b) ⇡J -like resonances extracted in this analysis (points).
The systematic uncertainties are represented by the boxes. The statistical uncertainties are at least an
order of magnitude smaller than the systematic ones and are hence omitted. Different colors encode
different resonances.

an established state. The measured ⇡2(2005) parameter values are consistent with the two
measurements by previous experiments. We find the ⇡2(1670) to be lighter and broader than the
world average. The ⇡2(1880) ! 3⇡ decay is observed for the first time. The measured ⇡2(1880)
mass is consistent with the world average, the width is found to be larger.

The 1++0+⇢(770)⇡S and 1�+1+⇢(770)⇡P partial-wave amplitudes are dominated by the nonreso-
nant components and are difficult to describe. This is a main source of systematic uncertainty. The
shape of the intensity distributions of both waves depends strongly on t

0. By fitting the resonance
model simultaneously in 11 t

0 bins, we achieve a better separation of the resonant and nonresonant
components in these waves compared to previous analyses of diffractive-dissociation reactions. In
both waves, the intensity of the nonresonant components behaves similar to a model for the Deck
effect. The resonance model is not able to describe all details of the a1(1260) peak in the 1++0+

⇢(770)⇡S wave, which leads to comparatively large uncertainties for the a1(1260) parameters.
The data require an excited a1(1640) state. However, because of the dominant a1(1260), the
a1(1640) parameters are not well determined. The data also require a spin-exotic resonance, the
⇡1(1600), in the 1�+1+⇢(770)⇡P wave. The t

0-resolved analysis allows us to establish for the
first time that a significant ⇡1(1600) signal appears only for t

0 & 0.5 (GeV/c)2, whereas at low t

0

the intensity of the spin-exotic wave is saturated by Deck-like nonresonant contributions. The
⇡1(1600) parameters have large uncertainties. The measured width is significantly larger than
that observed in previous experiments including our own result from the data taken with a lead
target, but it has a large systematic uncertainty towards smaller values.

The resonance yields are found to be much more sensitive to model assumptions than the resonance
parameters. For the a2(1320) and a4(2040) the systematic uncertainties are small enough to extract
their branching-fraction ratios for the decays into ⇢(770)⇡ and f2(1270)⇡. The branching-fraction
ratio for the a4(2040) was measured to be B

a4,corr
⇢⇡G,f2⇡F

= 2.9 +0.6
�0.4 (sys.). This value is corrected

for the unobserved ⇡

�
⇡

0
⇡

0 decay mode, the effects from self interference, and the branching
fraction of the f2(1270) into 2⇡. The measured value is in good agreement with predictions by
the 3

P0 decay model. The corresponding branching-fraction ratio B

a2,corr
⇢⇡D,f2⇡P

= 16 +1
�3 (sys.) for

the a2(1320) was measured for the first time.

Since the resonance-model fit is performed simultaneously in 11 bins of t0, the t

0 dependence of the
amplitudes of the resonant and nonresonant wave components has been studied in unprecedented

[COMPASS, arXiv:1802.05913]
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AMBER: chiral dynamics

• Primakov process


• extract kaon polarizability


• requires RF separated beam


• similar to previous COMPASS                                                     
measurement for pion
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Kaon polarisability
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DIRAC++
• πK scattering lengths: 

benchmark quantities for  
chiral symmetry breaking     
in the strange-quark sector


• study of πK atoms at SPS 
would yield experimental  
uncertainty comparable to 
theory uncertainties


• rates at SPS ≫ at PS (DIRAC 
2014, 2017)


• beam intensity required needs 
an underground hall→  ECN 3      


• challenge: collaboration / 
time line  
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time lines of EPIC projects

28

 

Figure 2. A proposed schedule for the EPIC project based on the CERN’s long shutdown 3. 

 

 

3. Construction and operational costs   
Table 2 below provides an estimate of the construction costs for the EPIC project. The financial and manpower 
costs  for  the  ISR are quite well defined and are partially extracted  from  the Storage Ring at HIE‐ISOLDE TDR. 
Similarly, the phase 3 of HIE‐ISOLDE figures correspond to those announced in the initial HIE‐ISOLDE project. The 
beam dumps and target station figures however, require further refinement within a TDR for the EPIC project. It 
is worth noting that up to 100FTE can be recuperated through collaborations with institutes outside of CERN; all 
of whom are either working on similar aspects of the project or have an indirect interest in the R&D. 

 

Items  Cost 
kCHF  FTE  Comments 

Beam dumps 
and 2 GeV 

9,000  15  Includes civil engineering for the existing beam dumps, 4 beam dumps 
and bending magnets 

Phase 3 HIE‐
ISOLDE 

8,000    Includes beam chopper, 2 low Beta cryo‐modules and refurbishing of 
cooling plant 

Target stations 
and HRS 

67,000  400  2 new target stations, pre separators , HRS, RFQ Cooler, beam lines, civil 
engineering, shielding and cooling and ventilation, additional laser 
laboratory  

ISR  17,000  46  Procurement of all ISR equipment and hall extension 
Total  101,000     

 

CERN LS2 period
2 GeV upgrade and beam dumps
Design and integration
Construction
Civil engineering
installation
Commissioning

Phase 3 HIE ISOLDE
R&D
Procurement and construction
Installation
Commissioing

New Frontends & HRS
Design and integration
procurement and construction 
Civil engimeering
installation
commissioning

ISOLDE Storage Ring
Design and integration
Procurement and construction 
Civil engineering
installation
commissioning

20222020 2021 2023 2026 20272024 2025

[EPIC addendum, id 039]
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time lines and (possible!) locations of PBC-QCD projects
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collaboration strength / project costs

• AMBER: 

★ >270 people (Ph.D. students and higher)

★ ~20M CHF   + RF-separated beam


• DIRAC++:

★ an actual collaboration to be formed

★ ~3M CHF for detector


• MUonE:

★ 14 institutes - growing 

★ ~10M CHF


• EPIC / ISOLDE:

★ >1300 users since 2015 from 43 countries (☛ backup slides)

★ ~100M CHF total including new target stations & storage ring
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Challenges: MUonE and AMBER rproton measurement @M2

• both measurements

★ are highly demanding, strict precision requirements

★ should be done (soon) in view of worldwide activities


• ongoing discussions on running scenarios

★ requirements on beam and detector setup                                      

parallel running possible?  or interleaved running? 

• in parallel: NA64μ with muon beams (BSM, not QCD)                 
would also run at same beam line to search for dark matter

★ only short running envisaged before LS3, longer running after LS3 

• requires coordinated discussions between the projects (ongoing) 
and input from strategy discussion on urgency / physics impact
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Challenges: other NA projects

• RF-separated beams (AMBER)

★ what are minimum beam requirements for the different physics? 

★ larger-scale investment and loss of M2 muon beam 

➡ will clearly require strategy discussion on physics impact, e.g., 

long-term need of high-E/high-I muon beam


• DIRAC++

★ due to requirements on beam and detector setup: ECN3 cavern

★ no coexistence with current NA62  

(but possibly w/ potential NA60++ experiment)

★ challenge of collaboration strength, especially if only after LS3  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Conclusions

• AMBER offers wide & worthwhile physics program on hadron structure


★ several unique measurements concerning light-meson structure, 
spectroscopy and low-energy QCD parameters


★ valuable complementarity in world-wide efforts (rproton, p-bar production)


★ feasibility and physics reach of RF-separated beams to be shown


• DIRAC++: challenging (due to location requirement and collaboration 
strength) but unique project for low-energy QCD


• MUonE: highly complementary and timely measurement of hadronic 
vacuum polarization contribution to muon g-2 


★ precision challenge (e.g. mult. scatt.); coexistence w/ AMBER & NA64μ


• ISOLDE/EPIC: outstanding ion-beam facility with very large user base


★ proposed extensions and unique light-ion (incl. short-lived) storage ring 
needed and clearly desirable to meet growing beam demands and to 
widen physics reach and diversify CERN’s research scope
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ADDENDUM to the EPIC project  

Exploiting the Potential of ISOLDE at CERN 

The ISOLDE Collaboration input to the EPPS (European Particle Physics Strategy Update) 

Contact persons:   
Gerda Neyens, ISOLDE Collaboration Spokesperson 

  Karsten Riisager, Chair of the ISOLDE and N‐Tof Committee (INTC) 
  Bertram Blank, Chair of the ISOLDE Collaboration 
  Richard Catherall, Technical Coordinator of ISOLDE 
 

1. Interested community  
The users community at ISOLDE has been growing in the past 15 years, from about 500 up to more than 1300 
ISOLDE users today (the last counting was performed by the users office in summer 2018 and includes persons 
registered as a user since 2015).  In Fig. A1 we represent the 27 European and 16 non‐European countries that 
have representatives in the very diverse research program of ISOLDE.  The countries with more than 50 (European) 
and more than 10 (non‐European) users are indicated in bold with their numbers given in the pie. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A1: The users community at 
ISOLDE: 1314 users registered since 

2015, from 43 countries.  

cost breakdown and user base of ISOLDE/EPIC
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Figure 2. A proposed schedule for the EPIC project based on the CERN’s long shutdown 3. 

 

 

3. Construction and operational costs   
Table 2 below provides an estimate of the construction costs for the EPIC project. The financial and manpower 
costs  for  the  ISR are quite well defined and are partially extracted  from  the Storage Ring at HIE‐ISOLDE TDR. 
Similarly, the phase 3 of HIE‐ISOLDE figures correspond to those announced in the initial HIE‐ISOLDE project. The 
beam dumps and target station figures however, require further refinement within a TDR for the EPIC project. It 
is worth noting that up to 100FTE can be recuperated through collaborations with institutes outside of CERN; all 
of whom are either working on similar aspects of the project or have an indirect interest in the R&D. 

 

Items  Cost 
kCHF  FTE  Comments 

Beam dumps 
and 2 GeV 

9,000  15  Includes civil engineering for the existing beam dumps, 4 beam dumps 
and bending magnets 

Phase 3 HIE‐
ISOLDE 

8,000    Includes beam chopper, 2 low Beta cryo‐modules and refurbishing of 
cooling plant 

Target stations 
and HRS 

67,000  400  2 new target stations, pre separators , HRS, RFQ Cooler, beam lines, civil 
engineering, shielding and cooling and ventilation, additional laser 
laboratory  

ISR  17,000  46  Procurement of all ISR equipment and hall extension 
Total  101,000     

 

CERN LS2 period
2 GeV upgrade and beam dumps
Design and integration
Construction
Civil engineering
installation
Commissioning

Phase 3 HIE ISOLDE
R&D
Procurement and construction
Installation
Commissioing

New Frontends & HRS
Design and integration
procurement and construction 
Civil engimeering
installation
commissioning

ISOLDE Storage Ring
Design and integration
Procurement and construction 
Civil engineering
installation
commissioning
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The users community at ISOLDE has been growing in the past 15 years, from about 500 up to more than 1300 
ISOLDE users today (the last counting was performed by the users office in summer 2018 and includes persons 
registered as a user since 2015).  In Fig. A1 we represent the 27 European and 16 non‐European countries that 
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Fig. A1: The users community at 
ISOLDE: 1314 users registered since 

2015, from 43 countries.  


