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Introduction

• Summary report of 
QCD studies appeared 
end of last year, 81 pp      


• This talk:


★ very broad overview


★ selected physics 
highlights


★ our thoughts on 
possible PBC QCD 
activities in 2019-20


★ figures on following 
slides from report
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• 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

Proposals and Studies
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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.
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(possible) locations and time lines
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NICA
FAIR: Panda, CBM/SIS100

Electron-Ion Colliderfuture facilities
(selection)

LHC-FT Crystals

(no simultaneous running)

STAR / sPHENIX

LHC run 3 LHC run 4 LHC run 5
LHC only

foreseen, to be worked out

M2 beamline ECN 3 cavern: presently used by NA62H2 beamline

INDICATIVE 

NOT A RUN SCEDULE
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PBC-QCD proposals
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• fixed-target setup using LHC beam in unique kinematic domain


• large forward boost provides access to very high x at sufficiently 
large scale


• large luminosities  
(more difficult to reach  
in typical DIS setups)


• realization discussed for 
both LHCb and ALICE


• experience at LHCb with 
SMOG, to be upgraded to 
SMOG2 during LS2

LHC Fixed Target (gas)
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• fixed-target setup using LHC beam in unique kinematic domain


• large forward boost provides access to very high x at sufficiently 
large scale


• large luminosities 
(more difficult to reach  
in typical DIS setups)


• realization discussed for 
both LHCb and ALICE


• experience at LHCb with 
SMOG, to be upgraded to 
SMOG2 during LS2


• nuclear gas targets  
(or ion beam) for nPDFs

LHC Fixed Target (gas)
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LHC dĳets LHC

W & Z

CHORUS neutrino data

fixed-target DIS and Drell-Yan

LHC-FT Drell-Yan
(4 GeV ≤ M ≤ 15 GeV, 2 ≤ ηlab ≤ 5)

PHENIX π0

EIC √s = 45 GeV, 0.01 ≤ y ≤ 0.95

EIC √s = 90 GeV, 0.01 ≤ y ≤ 0.95
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• proton PDFs at large x vital for 
core LHC physics program  
(high-mass parton luminosity) 
and interesting by themselves 

• nPDFs even less constrained but 
needed for many processes,  
e.g., important for heavy-ion 
physics core programs

LHC Fixed Target (gas)
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LHC Fixed Target with polarisation

• gas target opens door for 
polarised targets (H, D, 3He)


★ nucleon-spin physics at the 
LHC


★ complementary field of research


• Sivers effect: important and 
prominent spin effect 


★ actively pursued at COMPASS, 
JLab, RHIC, and (future) EIC


★ polarized LHC-FT potentially 
very competitive 


• realisation not before LHC run 4
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future studies 

• LHC-FT running scenarios: dedicated or parasitic


★ large range of corresponding integrated luminosities  
(differing by up to two orders of magnitude) 


★ benchmark studies for prolonged PBC mandate: what is 
needed to achieve physics goals 


✦ minimum luminosity 


✦ acceptance requirements, e.g., location of (polarized) target 
has strong impact on high-x reach


★ exploit experience of AFTER@LHC for corresponding studies  


• follow feasibility studies for technical implementation
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• magnetic (and electric) dipole moments of 
many short-lived particles (heavy baryons, τ) 
poorly constrained 


★ e.g. spread in theory predictions for Λc


• exploit intense fields inside bent crystals for 
measurement at LHC (e.g., LHCb)

LHC Fixed Target (crystals)
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• magnetic (and electric) dipole moments of 
many short-lived particles (heavy baryons, τ) 
poorly constrained 


★ e.g. spread in theory predictions for Λc


• exploit intense fields inside bent crystals for 
measurement at LHC (e.g., LHCb)

LHC Fixed Target (crystals)
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• example sensitivities for 
2.4x1014 PoT (S1) and 
2.4x1016 PoT (S2)


• requires production of 
polarized particles 
➠ exploit SMOG2 data


• systematics evaluation


• conflict with LHC-FT gas
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MUonE

• motivation:

★ persistent discrepancy 

between measured (g-2)μ 
and SM theory


★ upcoming 
measurements at FNAL 
and J-PARC


★ two main theory 
uncertainties: hadronic 
vacuum polarisation 
(HVP) and light-by-light 
scattering


★ aim of MUonE:
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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

independent determination of HVP 

with precision ~ extraction from e+ e- annihilation and τ decays

anomalous magnetic moment

a = (g-2) / 2
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MUonE

• extract aHVP via sum rule 
from μe elastic scattering


• target precision requires 
μe cross section with    
accuracy ~ 10-5                             
(angular dependence, not 
absolute normalisation)


➡ highest demands on 
experiment and theory 
(QED rad. corrections)


• will require feasibility tests 
→  staged approach
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COMPASS++

• 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 μp 
elastic scattering

★ advantages over ep scatt:
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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



QCD Introduction PBC Annual Workshop, January 2019

COMPASS++

• demanding measurement: low scatt. angle, trigger, new TPC


• pseudodata and fits

★ preferred fit gives Δstat rp = 0.013 fm

★ experimental and fitting uncertainties to be quantified 
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Figure 16. (Top) Proton form factors GE and GM (as labelled) from fits to MAMI data [64],
shown as ratios to the dipole form factor GD. 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 GE only, while for the (blue) middle band the
uncertainty from GM was added linearly, and for the outer (grey) band the contribution from �GM

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 Q2) 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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MUonE and COMPASS rp measurement

• both measurements

★ are highly demanding, strict precision requirements

★ should be done soon in view of worldwide activities


• discussions in QCD working group on running scenarios

★ requirements on beam and detector setup                                      

parallel running possible?  or interleaved running?

★ conveners' opinion: to be followed up this year


• NA64++ with muon beams (see BSM working group)                
would run at same beamline

★ only short running envisaged before LS 3

★ need for coordinated discussions between the projects

�17
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COMPASS++ 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± 0.6stat ± 0.7syst)⇥ 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.

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

in that analysis.
12

See, e.g., the presentation by T. Horn at https://www.jlab.org/conferences/ugm/program.html.
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Long-term prospect: RF separated beams

• RF separated kaon beams would allow wide range of unique 
QCD studies with COMPASS++

★ kaon polarisabilities (Primakov reaction, chiral symm. breaking)

★ PDFs (Drell-Yan, prompt photons)

★ kaon spectroscopy


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

★ to be followed up: achievable beam parameters                  

(energy, intensity)

★ what are minimum beam requirements for the different physics 

studies?

�19
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DIRAC++
• πK scattering lenghts: 

benchmark quantities for 
chiral symmetry breaking    
in the strange quark sector


• study of πK atoms at SPS 
would yield exp. error ~ 
theory uncertainties


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


• required beam intensity 
needs underground hall             
→  ECN 3         

�20

ChPT 1 loop

ChPT 2 loop

Roy−Steiner eqs

lattice
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Heavy ion physics

�21

• LHC-FT & SPS experiments offer a unique coverage of a primarily  
interesting part of the QCD phase structure including the poten-
tial CEP (CP) & mixed phases 


• Complementary to running and                                                
planned experiments


• Uniqueness: 


★ Combined coverage of large                                                   
range in temperature and density


★ Interaction rate & observables


★ Timing
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NA60++

Figure 24. Left: medium temperature evolution vs.
p

sNN in central Pb-Pb collisions. Tinitial

(magenta points) and Tslope (red points) are theoretical estimates for the initial medium temperature
and the temperature from dilepton spectra respectively [90], and a coarse graining approach in
URQMD [91, 92]. Blue triangles and squares are the expected performance from NA60++ and
CBM. The only existing measurements at present are from NA60 In-In data [93, 94] and from
HADES preliminary Au-Au data [95]. Right: NA60++ projection for the acceptance corrected
thermal dimuon mass spectrum at

p
sNN = 8.8 GeV in case of no chiral mixing (the yellow band is

the systematic uncertainty from combinatorial background subtraction) compared to the theoretical
expectation (green dashed line). The black line above 1 GeV is the expectation from full chiral
mixing [90]. The experimental precision makes the experiment fully sensitive to the yield increase
of ⇠ 30% expected in 1 GeV < M < 1.4 GeV in case of chiral mixing.

critical temperature. By measuring the J/ or  (2S) decay to µ+µ�, and possibly the �c ! J/ �
process, one could therefore track the onset of the deconfinement transition See figure 25 for the
evaluation of the J/ nuclear modification factor.

In addition to charmonium measurements, also the detection of open charm mesons and baryons
represents an important observable in the low SPS energy range. Their hadronic decay products
can be measured in the vertex spectrometer, see figure 26 for the expected performance of the D0

measurement. An indirect measurement via muon pairs from simultaneous semileptonic decays
of meson or baryon pairs is also feasible, see figure 26. Indeed the charm di↵usion coe�cient is
predicted to be larger in the hadronic phase at temperatures approaching the critical temperature
Tc from below than in the QGP phase at temperatures larger than Tc, and the system is expected to
spend a relatively longer time in the hadronic phase when the collision energy becomes lower. For
what concerns hadronisation mechanisms, recombination e↵ects could lead to a large enhancement
of the ⇤c/D ratio. The enhancement could be larger at low SPS energy than at RHIC and LHC
energies, because of the larger baryon content of the system.

Detector. This rich physics program can be addressed by an experiment which includes a high-
resolution vertex spectrometer, consisting of 5 silicon pixel tracking planes immersed in a 1.2 Tm
dipole field. The tracker will be based on a new generation of CMOS Monolithic Active Pixel Sensors
(MAPS), developed in close synergy with the ALICE experiment, immersed in a dipole magnetic
field. The goal is to obtain very large area sensors up to ⇠14x14 cm2, retaining a thickness of 50
µm or less. The vertex spectrometer will be followed by a thick absorber (mainly graphite) that
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Medium temperature evolution in central collisions

NA60++ projection for the thermal dimuon mass spectrum

• Motivation

★ Signal of 1st oder phase 

transition?

★ Signal for restoration of chiral 

symmetry?

★ Transport properties at large 

densities?     


• Measurements

★ mass spectrum of thermal 

muon pairs

★ Increase of dilepton yield

★ open charm (see talk of 

Enrico Scomparin)
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•      - pairs

★ Mechanism of open charm 

production?

★ Impact of the onset of 

deconfinement on open charm 
production?


★ Impact of quark-gluon plasma 
formation  on         prod.     


• nuclear fragment. cross section 

★ origin of cosmic rays

★ cosmic ray background


• hadron product. measurements

★ for T2K and Hyper-Kamiokande 

replica targets 

NA61++

J/ 
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c c̄
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Figure 27. Mean multiplicity of charm quark pairs produced in central Pb+Pb collisions at
158A GeV/c calculated within dynamical models (blue bars): pQCD-inspired [98, 99], HSD [100],
and Dynamical Quark Coalescence [101], as well as statistical models (green bars): HRG [48],
Statistical Quark Coalescence [102], and SMES [103]. The width of the red band, at the location
assuming HSD predictions, shows the foreseen accuracy of the NA61++ result. (Figure taken from
[13].)

(iii) How does the formation of quark-gluon plasma impact J/ production?

J/ -suppression has been used as an important indication for the formation of the quark-
gluon plasma. So far it has been accessed by an assumed proportionality of the mean mul-
tiplicity of c̄c-pairs to that of Drell-Yan pairs, hcc̄i ⇠ hDYi. This assumption is resolved by
measuring the ratio �J/ /�DY with a su�cient accuracy, see figure 29.

The objective of nuclear fragmentation cross section measurements is to provide high-
precision data needed for the interpretation of results from current-generation cosmic ray exper-
iments. The proposed measurements are of paramount importance to extract the characteristics
of the di↵use propagation of cosmic rays in the Galaxy. A better understanding of the cosmic-ray
propagation is needed to

(i) study the origin of Galactic cosmic rays and

(ii) evaluate the cosmic-ray background for signatures of astrophysical dark matter.

The objectives of new hadron production measurements for neutrino physics are

(i) to improve further the precision of hadron production measurements for the currently used
T2K replica target, paying special attention to the extrapolation of produced particles to the
target surface,

(ii) to perform measurements for a new target material (super-sialon), both in thin target and
replica target configurations, for T2K-II and Hyper-Kamiokande,

(iii) to study the possibility of measurements at low incoming beam momenta (below 12 GeV)
relevant for improved predictions of both atmospheric and accelerator neutrino fluxes,

42

Mean Multiplicity of charm quark pairs in central collisions

Energy dependence of charm quark pairs in central collisions
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Measurements for cosmic ray physics
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• Anti-proton production and 
nuclear fragmentation                   

★ LHCb-FT

★ ALICE-FT

★ NA61++

★ COMPASS++  


• Charm

★ LHC-FT


• Hadron production 
measurements

★ NA61+



Thanks to the working 
group members and to the 

PBC coordinators



backup slides



QCD Introduction PBC Annual Workshop, January 2019 �27

LHC-FT gas: high-x PDFs

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

(0) CQM

(0.28) DSE1

(0.20) NJL, pQCD

(0.18) DSE2

(1/2) SU(6)

dV/uV(x,Q2)
Q2=2 GeV2

x

NNPDF3.0
CT14

MMHT14
ABM12

CJ15

 (per 0.05)2x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (p
er

 0
.0

05
)

1x

2−10

1−10

1

210

310

410

510

-1 > 1.2 GeV/c, L = 10 fbµ

T
 < 5, plab

µµ
 = 115 GeV , 2 < YsDrell-Yan, pp 

AFTER@LHC sim



QCD Introduction PBC Annual Workshop, January 2019 �28

 (per 0.05)2x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 (p
er

 0
.0

05
)

1x

2−10

1−10

1

210

310

410

510

-1 > 1.2 GeV/c, L = 10 fbµ

T
 < 5, plab

µµ
 = 115 GeV , 2 < YsDrell-Yan, pp 

AFTER@LHC sim

LHC-FT gas: high-x PDFs



QCD Introduction PBC Annual Workshop, January 2019 �29

LHC-FT crystals: MDMs of selected baryons
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Figure 13. Spread of theoretical predictions for the magnetic moments of heavy baryons. Values
in rows 1 to 10 are from di↵erent quark models, 11 from a soliton approach, 12 to 14 from sum
rules, and 15 from chiral perturbation theory.

for high-momentum tracks above 100 GeV. Detector simulations have been conducted to

demonstrate the feasibility of the experiment under realistic operational conditions and to

estimate sensitivities [8, 49]. The clear signal signature combined with precise kinematical

information compensates the lower vertex reconstruction performance from the upstream

configuration.

Implementation: The location of the target and bent crystals is upstream of the vertex

locator detector (VELO) vacuum tank and of a new sector valve that will be installed during

LS2 to isolate from the LHC vacuum the region upstream of the VELO. This means about

1.16 m upstream of the position of the nominal proton-proton collision point at the LHCb

interaction point. The proposal is to run the fixed-target configuration in parallel with

standard proton-proton collisions in order to maximise the time of running, collecting both

types of collisions at the same time. It has been shown that with the performance of the
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