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QCD Context PBC Annual Workshop, November 2017

Goals of this talk

• Preparation of the QCD context document for the PBC 
deliverables


★ sketch the envisaged structure and types of performance 
plots/measures


this is a proposal, please give us feedback


• Sketch the different proposals in this context                               
→ details in the talks to come


• Point out critical issues, as we see them now                                   
please consider us as friendly critics/critical friends
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Aim: make proposals as attractive as possible
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QCD context document: general structure

• introduction: present physics areas and experimental proposals


• individual sections on the physics topics

★ physics motivation/theory background

★ worldwide context: existing and possible future experiments

★ experimental proposal(s) within PBC study


✦ brief presentation, unique features                          

✦ key requirements for detector, beam                                

necessary construction, beam time, timeline

★ critical issue: expected physics gain vs required resources


✦ performance plots, comparison with worldwide competition

✦ open questions, planned feasibility studies


• overall summary
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Title of talkM. Diehl

rest of this talk follows the overall structure just outlined


with open questions instead of final results

rough instead of polished


order of individual sections may change


note on the physics topics:


we aim to focus on the main issues

please let us know if we forgot any

4



QCD Context PBC Annual Workshop, November 2017

Introduction: physics and proposals
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ALICE LHCb AFTER COMPASS MUonE DIRAC++ NA60++ NA61++ crystals

unpolarised 
proton structure x x x
structure of 
nuclei x x x
polarised proton 
structure x x x x
meson structure 
(K and π) x
heavy ion 
physics x x x x x
elastic μe or μp 
scattering x x
spectroscopy, 
magn. moments x x
chiral dynamics x x
measurements 
for cosmic rays x x x

"x" means "under study", feasibility to be confirmed

please let us know if we forgot anything
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Structure of hadrons and nuclei

• LHC fixed target studies: ALICE, LHCb, AFTER


• main topic: parton densities (PDFs) at large x, especially gluon and 
charm distributions

★ very important for LHC programme: parton luminosities for 

producing very heavy particles

★ of interest on its own, intrinsic charm

★ crosslinks to cosmic-ray physics (atmospheric neutrino flux) 


• main competition: LHC collider measurements; JLab (11 GeV on fixed 
target) can reach large x but at much lower Q2: complementary


• main processes at LHC fixed target: charm production, Drell-Yan


• typical comparison and performance plots: PDFs with uncertainty 
bands (current and projected); plots of Xsections with uncertainties; 
kinematic x-Q2 plane coverage (need a way to also fold in info on 
rates)
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unpolarised proton structure (1)
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18

The charm PDF: implications for the LHC 

Juan Rojo                                                                                                                     Nikhef, Amsterdam, 26/04/2016

!
 A number of LHC processes are sensitive to the charm content of the proton!

 Typically to probe large-x charm we need either large pT or forward rapidities production!

 Within the reach of the LHC at Run II

D meson production

Z+charm production
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Figure 64. Same as figure 33 but now comparing NNPDF3.0, MMHT and CT10 NNLO (all with
αs(MZ) = 0.118). Results are shown as ratios to NNPDF3.0.

both to NNPDF2.3, with CT10 and MMHT. Then we move to predictions for a vari-

ety of LHC cross-sections at 13TeV, which we compute at NLO using the automated

MadGraph5 aMC@NLO program [114], and for which we compare results obtained using

NNPDF2.3 and NNPDF3.0 PDFs: specifically, vector boson, top, and Higgs production.

Then we turn to the implications of NNPDF3.0 PDFs for the dominant Higgs production

channel at the LHC, gluon-fusion, and provide NNLO cross-sections computed with the

iHixs code [155], including a study the dependence of results on the dataset used for PDF

determination. Finally, we study the production of high-mass states, close to the LHC

kinematic threshold, as relevant for searches of massive New Physics at the energy frontier.

5.4.1 PDF luminosities

In figure 64 we compare the PDF luminosities obtained using the NNPDF3.0 set and dis-

cussed in section 5.1.2 to CT10 [150, 151] and MMHT14 [162]. Note that these comparisons

might become obsolete once CT10 PDFs are updated, though they will be easily updated

using the recent APFEL tool [175]. The three sets are consistent within their uncertainties.

Quite in general NNPDF3.0 has smaller uncertainties in the data region, but larger uncer-

tainties in the extrapolation regions. For the gg luminosity in the region relevant for Higgs

production, the agreement between the three sets has improved in comparison to previous

benchmarks using NNPDF2.3 and MSTW2008 [139]. Large differences in central values

are found for large values of MX , relevant for the production of very massive New Physics

particles, though all sets are compatible within their very large uncertainties.

– 113 –
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Figure 31. Same as figure 30, but at Q2 = 104 GeV2, and with results shown as ratios to the
NNPDF3.0 central value.

bands of the two PDF sets barely overlap, and in the qg channel above 1TeV, where the

luminosity is rather larger in NNPDF3.0 than in NNPDF2.3. Note that in the gg channel

in the region around 100-200GeV the NNPDF3.0 luminosity is somewhat softer than in

NNPDF2.3, though always in agreement within PDF uncertainties.

At NNLO, in the qq and qq̄ channels there is generally good agreement, with differ-

ences well within one sigma: for qq̄, the NNPDF3.0 luminosity tends to be larger at high

invariant masses, while for qq around 500GeV NNPDF3.0 is somewhat lower, with barely

overlapping error bands. More significant differences are found in the gg channel, where the

luminosity at medium invariant masses is smaller by about one sigma in NNPDF3.0 than

in NNPDF2.3: in particular, for 30GeV ≤ MX ≤ 300GeV, the gg one sigma bands barely

overlap. This has important consequences for gluon-initiated processes such as inclusive

Higgs production, see section 5.4.3 below. As discussed in section 5.1.2, these differences

stem from a combination of the improved fitting methodology and the new constraints

from HERA and LHC data.

Finally, we compare one-sigma uncertainty bands to 68% confidence level intervals.

For this comparison we use the NNPDF3.0 NLO fit with Nrep = 1000 replicas; the conclu-

sions would be qualitatively the same for the NNLO fit. Of course if the PDF probability

distribution is Gaussian the one-sigma and 68% intervals coincide. While this is usually the

case, for some PDFs in specific x regions there are significant deviations from gaussianity

that can be quantified by this type of comparison: typically, this happens in extrapo-

lation regions where there are no direct experimental constraints, especially if positivity

constraints, which are asymmetric, play a significant role.

– 79 –

PDF & resulting parton luminosity uncertainties
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Figure 31. Same as figure 30, but at Q2 = 104 GeV2, and with results shown as ratios to the
NNPDF3.0 central value.

bands of the two PDF sets barely overlap, and in the qg channel above 1TeV, where the

luminosity is rather larger in NNPDF3.0 than in NNPDF2.3. Note that in the gg channel

in the region around 100-200GeV the NNPDF3.0 luminosity is somewhat softer than in

NNPDF2.3, though always in agreement within PDF uncertainties.

At NNLO, in the qq and qq̄ channels there is generally good agreement, with differ-

ences well within one sigma: for qq̄, the NNPDF3.0 luminosity tends to be larger at high

invariant masses, while for qq around 500GeV NNPDF3.0 is somewhat lower, with barely

overlapping error bands. More significant differences are found in the gg channel, where the

luminosity at medium invariant masses is smaller by about one sigma in NNPDF3.0 than

in NNPDF2.3: in particular, for 30GeV ≤ MX ≤ 300GeV, the gg one sigma bands barely

overlap. This has important consequences for gluon-initiated processes such as inclusive

Higgs production, see section 5.4.3 below. As discussed in section 5.1.2, these differences

stem from a combination of the improved fitting methodology and the new constraints

from HERA and LHC data.

Finally, we compare one-sigma uncertainty bands to 68% confidence level intervals.

For this comparison we use the NNPDF3.0 NLO fit with Nrep = 1000 replicas; the conclu-

sions would be qualitatively the same for the NNLO fit. Of course if the PDF probability

distribution is Gaussian the one-sigma and 68% intervals coincide. While this is usually the

case, for some PDFs in specific x regions there are significant deviations from gaussianity

that can be quantified by this type of comparison: typically, this happens in extrapo-

lation regions where there are no direct experimental constraints, especially if positivity

constraints, which are asymmetric, play a significant role.
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PDF & resulting parton luminosity uncertainties

4 (n)PDF constraints

Fig. 8: Proton PDF profiling using DY data in pp collisions for the LHCb conditions. The smaller darked zone
indicates the reduction in the PDF uncertainty when the pseudo-data are accounted for.

Fig. 9: W PDF reweighting using DY data in pW collisions for the LHCb conditions. [W PDFs were studied
instead of Xe ones for technical reasons.]
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Fig. 10: Nuclear-modification factors RPbXe for gluon sensitive probes in pXe collisions for the LHCb condi-
tions. Reweighting yet to be done (very soon).
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Structure of hadrons and nuclei

• experimental aspects and ongoing studies


★ fixed target options: luminosity, impact on LHC beams and on 
detectors (parasitic vs dedicated running)


★ acceptance of ALICE and LHCb detectors                                 
LHCb forward, ALICE more central (depending on location of target)


★ explore complementarity of ALICE & LHCb

10

unpolarised proton structure (2)

14

A SELECTION OF PROJECTED
PERFORMANCES FOR VARIOUS

PROBES
LHCb-like

ALICE-like

+ internal solid target:
Z ~ 13 cm from IP (A side)

+ ALICE like acceptance

Bent crystal

2 < η < 5

√sNN = 115 GeV, Lint (p-H) = 10 fb-1 / year
√sNN = 115 GeV, Lint (p-Xe) = 100 pb-1 / year
√sNN = 72 GeV, Lint (Pb-Xe) = 30 nb-1 / year
(Ref at same energy: Lint (p-H) = 250 pb-1

Lint (p-Xe) = 2 pb-1) 
-0.87 < ηTPC < 0.95

√sNN = 72 GeV, Lint (Pb-Pb) = 1.6 nb-1 / year
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Structure of hadrons and nuclei

• LHC fixed target studies: ALICE, LHCb, AFTER 
now with nuclear targets or beams


• main topics:


★ nuclear PDFs at large x (also at small x?)


★ propagation of hadrons in cold nuclear medium (?)


• example for gluon density in Pb:

11

structure of nuclei (1)

Cynthia Hadjidakis                 ALICE mini-week, May 31st  2017 6

High-x physics

• Advance our understanding of the high-x gluon, antiquark and heavy-quark content in the 
nucleon and nucleus  

• Very large PDF uncertainties for x > 0.5 (crucial for BSM discoveries) 
• Proton charm content (important for high-energy neutrino and cosmic ray physics) 
• Nuclear EMC effect is an open problem: studying a possible gluon EMC effect

Gluon density in Pb nucleiEnergy spectrum of neutrino fluxUncertainty on the gluon-gluon 
luminosity
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• physics motivation: 


★ input for heavy-ion physics (baseline measurements for A+A)


★ intrinsic interest: how does nuclear medium modify nucleon?


• main competition: LHC collider, RHIC, EIC 
→ point out different kinematic regimes / complementary


• experimental realization: similar questions as for  
unpolarized proton case


• typical performance and comparison plots:  
- similar to unpolarised proton structure (previous slides); 
- additional plots for propagation in medium (if applicable)

Structure of hadrons and nuclei

12

structure of nuclei (2)
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Structure of hadrons and nuclei

• COMPASS (antiproton beam); LHC fixed target


• main physics topics:

★ single-spin asymmetries and associated distributions (Sivers, Boer-

Mulders functions): generated by soft-gluon effects

✦ fundamental aspect of factorisation between hadron structure 

and short-distance scattering (also relevant to unpolarised 
physics)


✦ paradigm of controlled process dependence: hadron-hadron vs. 
lepton-hadron scattering


★ transverse quark polarisation (transversity), related to nucleon 
tensor charge by a sum rule


★ linear gluon polarisation

★ significant worldwide activity, a cornerstone of programs at JLab12 

and the proposed EIC (Electron-Ion-Collider in the US), strong 
community

13

polarised proton structure (1)



QCD Context PBC Annual Workshop, November 2017

Structure of hadrons and nuclei

• main processes: Drell-Yan; charm production (?)                                         
competition: several proposed DY experiments worldwide, point out 
different kinematic regimes and achievable rates, e.g.

14

polarised proton structure (2)

9

Experiment particles beam en-
ergy (GeV)

p
s (GeV) x" L (cm�2s�1) Pe↵ F (cm�2s�1)

AFTER@LHCb p + p" 7000 115 0.05 ÷ 0.95 1 · 1033 80% 6.4 · 1032

AFTER@LHCb p+3He" 7000 115 0.05 ÷ 0.95 2.5 · 1032 23% 1.4 · 1031

AFTER@ALICEµ p + p" 7000 115 0.1 ÷ 0.3 2.5 · 1031 80% 1.6 · 1031

COMPASS
(CERN)

⇡± + p" 190 19 0.2 ÷ 0.3 2 · 1033 18% 6.5 · 1031

PHENIX/STAR
(RHIC)

p" + p" collider 510 0.05 ÷ 0.1 2 · 1032 50% 5.0 · 1031

E1039 (FNAL) p + p" 120 15 0.1 ÷ 0.45 4 · 1035 15% 9.0 · 1033

E1027 (FNAL) p" + p 120 15 0.35 ÷ 0.9 2 · 1035 60% 7.2 · 1034

NICA (JINR) p" + p collider 26 0.1 ÷ 0.8 1 · 1032 70% 4.9 · 1031

fsPHENIX
(RHIC)

p" + p" collider 200 0.1 ÷ 0.5 8 · 1031 60% 2.9 · 1031

fsPHENIX
(RHIC)

p" + p" collider 510 0.05 ÷ 0.6 6 · 1032 50% 1.5 · 1032

PANDA (GSI) p̄ + p" 15 5.5 0.2 ÷ 0.4 2 · 1032 20% 8.0 · 1030

Table 3: Compilation inspired from [17, 56] of the relevant parameters for the future or planned polarised
DY experiments. The e↵ective polarisation (Pe↵ ) is a beam polarisation (where relevant) or an average
polarisation times a (possible) dilution factor (for a gas target, similar to the one developed for HER-
MES [52, 112, 113]) or a target polarisation times a dilution factor (for the NH3 target used by COMPASS
and E1039). For AFTER@LHC the numbers correspond to a gas target. F is the (instantaneous) spin figure
of merit of the target defined as F = P2

e↵ ⇥L, with L being the instantaneous luminosity.

bottom pair decays. The AFTER@LHC projections are compared to a theory evaluation [35]. This theory
prediction based on SIDIS currently exhibit uncertainties much larger than our projected uncertainties, as
shown by this example. By delivering high-quality data over a wide kinematic range, AFTER@LHC will
thus probe the x" dependence of the ADY

N and constrain model calculations.
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Fig. 5: Statistical projections for the Drell-Yan AN measurement as a function of x" with a LHCb-like detector.
Note that the range in x" is limited by the bin sizes in y and M. We have checked that measurements can
probably be done with an accuracy of 5% up to x" ' 0.95 as expected from Fig. 2.

Since the statistical precision of ADY
N strongly depends on the level of uncorrelated background, such

a study can be carried out with lower integrated luminosity if the background is suppressed. The ALICE
forward muon arm provides such a possibility. On the one hand, the available integrated luminosity is limited
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Structure of hadrons and nuclei

• typical performance plots and comparison: table of DY 
measurements (past and future); projected asymmetries; kinematic 
plane (x vs Q2), e.g. (AFTER@LHC): ideally also: uncertainty bands 
(present and projected) for polarised distributions  
 
 
 
 
 
 
 
 
 

• experimental realisation: similar as for unpolarized case 
(requirements; impact on LHC), polarization / figure of merit, …
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polarised proton structure (3)
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Fig. 3: Kinematical range for DY pair production in pp collisions using LHCb and compared to the data
typically used in the proton PDF global fit. Any gray square contains at least 30 events. [A similar plot was
previously shown for pXe, not included here].

Fig. 4: Kinematical reach (towards lower momenta than LHCb) for antiproton production in order to tune MC
for cosmic-ray applications.

Fig. 5: Kinematical reach for L production on a polarised H" target in ALICE. To be converted in a FoM for
ATT

2

9

Experiment particles beam en-
ergy (GeV)

p
s (GeV) x" L (cm�2s�1) Pe↵ F (cm�2s�1)

AFTER@LHCb p + p" 7000 115 0.05 ÷ 0.95 1 · 1033 80% 6.4 · 1032

AFTER@LHCb p+3He" 7000 115 0.05 ÷ 0.95 2.5 · 1032 23% 1.4 · 1031

AFTER@ALICEµ p + p" 7000 115 0.1 ÷ 0.3 2.5 · 1031 80% 1.6 · 1031

COMPASS
(CERN)

⇡± + p" 190 19 0.2 ÷ 0.3 2 · 1033 18% 6.5 · 1031

PHENIX/STAR
(RHIC)

p" + p" collider 510 0.05 ÷ 0.1 2 · 1032 50% 5.0 · 1031

E1039 (FNAL) p + p" 120 15 0.1 ÷ 0.45 4 · 1035 15% 9.0 · 1033

E1027 (FNAL) p" + p 120 15 0.35 ÷ 0.9 2 · 1035 60% 7.2 · 1034

NICA (JINR) p" + p collider 26 0.1 ÷ 0.8 1 · 1032 70% 4.9 · 1031

fsPHENIX
(RHIC)

p" + p" collider 200 0.1 ÷ 0.5 8 · 1031 60% 2.9 · 1031

fsPHENIX
(RHIC)

p" + p" collider 510 0.05 ÷ 0.6 6 · 1032 50% 1.5 · 1032

PANDA (GSI) p̄ + p" 15 5.5 0.2 ÷ 0.4 2 · 1032 20% 8.0 · 1030

Table 3: Compilation inspired from [17, 56] of the relevant parameters for the future or planned polarised
DY experiments. The e↵ective polarisation (Pe↵ ) is a beam polarisation (where relevant) or an average
polarisation times a (possible) dilution factor (for a gas target, similar to the one developed for HER-
MES [52, 112, 113]) or a target polarisation times a dilution factor (for the NH3 target used by COMPASS
and E1039). For AFTER@LHC the numbers correspond to a gas target. F is the (instantaneous) spin figure
of merit of the target defined as F = P2

e↵ ⇥L, with L being the instantaneous luminosity.

bottom pair decays. The AFTER@LHC projections are compared to a theory evaluation [35]. This theory
prediction based on SIDIS currently exhibit uncertainties much larger than our projected uncertainties, as
shown by this example. By delivering high-quality data over a wide kinematic range, AFTER@LHC will
thus probe the x" dependence of the ADY

N and constrain model calculations.

↑x
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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N
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4 < y
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2dM = 1 GeV/c

 = 115 GeVs p+p

-1 = 10 fbppL

 = 0.8Peff. pol. 

Fig. 5: Statistical projections for the Drell-Yan AN measurement as a function of x" with a LHCb-like detector.
Note that the range in x" is limited by the bin sizes in y and M. We have checked that measurements can
probably be done with an accuracy of 5% up to x" ' 0.95 as expected from Fig. 2.

Since the statistical precision of ADY
N strongly depends on the level of uncorrelated background, such

a study can be carried out with lower integrated luminosity if the background is suppressed. The ALICE
forward muon arm provides such a possibility. On the one hand, the available integrated luminosity is limited
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Structure of hadrons and nuclei

• COMPASS with RF separated kaon beams                                    
main processes: prompt photon production (and DY?)


• physics: extract kaon PDFs, compare with those of pion


★ effects of flavour SU(3) breaking (s vs u, d masses)                      
special role of π and K in QCD (pseudo Goldstone bosons)


★ theoretical studies in quark  
models, lattice QCD …, e.g., 
NJL model, arXiv:1604.02853: 
 
 

• experimental realisation: beam requirements, rates (beam time), 
detector upgrades?

16
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Elastic scattering: μe

• MUonE proposal


• physics motivation: (g-2)μ  discrepancy; precision of future 
experiments requires improved estimate of hadronic contribution


• no direct experimental competition, point out advantage of CERN 
energy range


• target precision set by (g-2)μ  discrepancy and alternative 
methods (e+e- → hadrons, lattice)


➡ crucial to show how can be achieved experimentally                  
in addition to quantifying theoretical uncertainty in sum rule

17
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Elastic scattering: μp (1)

• COMPASS proposal (submitted as CERN-SPSC-2017-034)


• extract proton radius rp from elastic scattering close to Q=0


• motivation: discrepancies between rp determinations from

★ Lamb shift in muonic vs ordinary hydrogen                                   

recent proposal to solve by adjusting Rydberg constant, 
remains to be settled in atomic physics community


★ ep elastic scattering (current/recent exp’s at MAMI, JLab)

✦ must extract slope at Q=0 from data at finite Q: existing 

analyses get close to either of the two Lamb shift results 
depending on fitting procedure

18
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Elastic scattering: μp (2)

19

Beyer et al., Science 358, 79–85 (2017) 
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Figure 3 – Proton radius from muonic hydrogen (red), hydrogen spectroscopy (blue) and electron-proton scattering
(green). The CODATA value does not account for the muonic results.

e�-p scattering. Despite the challenges of performing such an experiment at a secondary beam
line with large phase-space and particle contamination, the measurement of the cross sections
of these four channels with the same setup and beam line has two advantages. Each individual
scattering process can be used to deduce Rp. However, muon-electron universality can be best
addressed by considering the ratio between µ+-p and e+-p cross sections. Common systematic
e↵ects such as e�ciencies, acceptances and extrapolation issues are partially canceling out in the
ratio. The TPE contribution on the other hand can be measured by comparing the scattering
of µ+-p with µ�-p or e+-p with e�-p.

2.5 Beyond standard model explanations

Several beyond standard model (BSM) extensions have been proposed but their majority have
di�culties to resolve the discrepancy without conflicting with low energy constraints. Still some
BSM theories able to solve the proton radius puzzle have been formulated.62–64 However, to avoid
conflicts with other observations, these models require fine-tuning (e.g. cancellation between
axial and vector components), and coupling preferentially to muons and protons. Moreover
they are problematic to be merged in a gauge-invariant way into the standard model.63,64

Other possibilities have been articulated but without clear impact on the proton radius
resolution. Examples are breakdown of the perturbative approach in the electron-proton inter-
action at short distances,65 the interaction with sea µ+µ� and e+e� pairs,66,67 the breakdown of
Lorentz invariance,68 the breakdown of the Lamb shift expansion due to non-smooth form fac-
tors,69 higher-dimensional gravity,70 and renormalization group e↵ects for e↵ective particles.71

2.6 Muonic deuterium

Measurements in muonic deuterium (µd) have recently provided new insights. The deuteron
charge radius Rd can be obtained from the measurements72 using the prediction73

Eµd(2S � 2P ) = 228.7766(10)meV � 6.1103(3)meV/fm2 ⇥R2
d + 1.7096(200)meV. (3)

Relative to µp, the finite-size e↵ect and the TPE contribution in µd are increased by a factor
of 7 and 50, respectively. Computation of the TPE has been greatly improved recently, using
two di↵erent techniques: ab-initio few-nucleon calculations based on modern expressions of
the nuclear potential74,75 and the phenomenological approach based on dispersion relations.76

Nevertheless, given its size and hadronic nature, the TPE contribution is still the contribution
having by far the largest uncertainty.

The Rd value extracted from µd spectroscopy is given in red in Fig. 4. Its error bar is
dominated by the uncertainty of the TPE prediction, while the purely QED and experimental

5

which are suppressed by using methods spe-
cifically developed for this measurement and de-
tailed below.

Quantum interference

Line shape distortions caused by quantum inter-
ference from distant neighboring atomic reso-
nances have recently come into the focus of the
precision spectroscopy community (18). To the
best of our knowledge, this effect has been con-
sidered in the analysis of only one of the previous
H experiments andwas found to be unimportant
for that particular experimental scheme (19). The
effect was found to be responsible for discrep-

ancies in the value of the fine structure constant
a extracted from various precision spectroscopy
experiments in helium (20, 21). The root of the
matter is that natural line shapes of atomic reso-
nances may experience deviations from a perfect
Lorentzian when off-resonant transitions are
present. One common way of dealing with these
effects has been to perform sophisticated nu-
merical simulations to correct the experimental
results (18, 20, 22–26). These simulations re-
quire a highly accurate characterization of the
experimental geometry if the line center needs
to be determined with high accuracy relative to
the line width, as is the case in this measure-

ment. Here we remove this necessity and a
source of potential inaccuracies by a suitable
line shape model to compensate for the line
shape distortions.

Two driven oscillators

Within the framework of perturbation theory,
the induced dipole moment D

→
ðwÞ of an atom

driven by a laser field E
→
at frequency w is given

by the Kramers-Heisenberg formula (27–29). For
two resonances at w0 and w0 + D with identical
damping constants G, the resulting dipole mo-
ment is given by

D
→
ðwÞº D

→

0

ðw0 # wÞ þ iG=2

þ D
→

1

ðw0 þ D# wÞ þ iG=2
ð2Þ

It is analogous to two coherently driven resonat-
ing classical dipoles D

→

0 and D
→

1. In the quantum
description, each of these dipoles is constructed
through an absorbing and an emitting dipole,
connecting the initial state ( jii ) with the final
state (j f i) via the excited states (jei; je′i) (see Fig.
2A). With the atomic dipole matrix elements djk
with j; k∈ i; e; e′; f , the contributing dipole mo-
ments are given by D

→

0ºðE
→
% d
→

ieÞd
→

ef and D
→

1º
ðE
→
% d
→

ie′ Þd
→

e′ f . The induced dipoleD
→
ðwÞgenerates a

fieldºðr→ & D
→
ðwÞÞ & r

→
=jr→3j at position r

→
whose

power spectrum Pðw; r→Þ is proportional to the
square modulus of D

→
ðwÞ. It consists of two real

valued Lorentzians and a non-Lorentzian cross
term. The latter depends not only on the relative
orientation of D

→

0 and D
→

1 but also on the direction
of the emitted radiation relative to the orienta-
tion of the dipoles. Because the orientation of the
dipoles is itself a function of the laser polariza-
tion, i.e., the orientation of E

→
, the observed cross

term will effectively depend on the orientation of
the laser polarization relative to detection direc-
tion. If the detection is not pointlike, as is the case
in our measurement, which is designed for an
as-large-as-possible collection efficiency, the
exact detection geometry will enter in the ob-
served cross term. The relative strength of the
cross term tends to decrease with increasing
detection solid angle, with the cross term com-
pletely disappearing for detection of all radiation
emitted, i.e., in a 4p solid angle.
For a sufficiently large separation of the two

resonances (G/D << 1), the second resonance at
w0 + D can be treated as a perturbation to the
resonance at w0 and the full line shape Pðw; r→Þ
can be expanded around the resonance atw0 (28)

Pðw; r→Þ≈ C

ðw# w0Þ2 þ ðG=2Þ2
þ aðw# w0Þ

þ bðw# w0Þ
ðw# w0Þ2 þ ðG=2Þ2

ð3Þ

The first term represents the Lorentzian line
shape with amplitude C of the isolated, unper-
turbed resonance at w0, whereas the other two
terms denote perturbations caused by the pres-
ence of the second resonance. The second term,

Beyer et al., Science 358, 79–85 (2017) 6 October 2017 2 of 7

Fig. 1. Rydberg constant R1 and proton RMS charge radius rp. Values of rp derived from this
work (green diamond)and spectroscopyof mp (mp; pink bar and violet square) agree.We find a discrepancy
of 3.3 and 3.7 combined standard deviations with respect to the H spectroscopy world data (12) (blue bar
and blue triangle) and the CODATA 2014 global adjustment of fundamental constants (3) (gray hexagon),
respectively. The H world data consist of 15 individual measurements (black circles, optical measure-
ments; black squares, microwave measurements). In addition to H data, the CODATA adjustment
includes deuterium data (nine measurements) and elastic electron scattering data. An almost identical
plot arises when showing R1 instead of rp because of the strong correlation of these two parameters.
This is indicated by the R1 axis shown at the bottom.
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Elastic scattering: μp (3)

• must show advantages of proposal over ep and low-energy μp 
(proposed at PSI)

★ smaller QED and multiple scattering corrections (but not their 

size matters, but their uncertainties and contribution to overall 
error on rp)


★ range of and binning in Q: can proposed measurement 
overcome present uncertainty from fitting procedure?

➡ answer by applying different present fitting procedures to 

simulated data


• experimental realisation: beam requirements, rates (beam time), 
detector upgrades, …

20
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Heavy ion physics

• ALICE, LHCb, AFTER, N60+, NA61+


• main physics topics:

★ deconfinement at large densities


✦ open charm and J/ψ production mechanism, and signal for 
deconfinement (NA61+)


✦ dimuon mass          and      spectrum (NA60+)

✦ quarkonia between SPS and RHIC,      at large rapidities for 

constraining        (AFTER)


★ search for critical endpoint

✦ caloric curve (NA60+)


• main competitors/complementary: BES, CBM FAIR, NICA

21
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Heavy ion physics

• ALICE, LHCb, AFTER, N60+, NA61+


• Embedding in the rich landscape of heavy ion experiments 

★ Uniqueness: comparison to all other (seeming) competitors


✦ e.g. interaction rate 

✦ e.g. energy range

✦ e.g. specific measurement 


★ complementarity: comparison with all other (seeming) competitors  

✦ e.g. importance of results for other experiments

✦ e.g. coverage of whole energy range            detection potential

✦ e.g. different features at different energies

23

Uniqueness & complementarity

we already have a lot….but we need more!!
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Low-energy hadron structure: spectroscopy

• COMPASS with RF separated kaon/antiproton beams


• spectroscopy of mesons in high mass range (states, masses, 
widths)


★ excited kaon states, SU(3) multiplets


★ exotic (non-qqbar) mesons


• no detailed studies yet


• must clarify competition, e.g. PANDA for antiprotons (much 
higher luminosity), proposed kaon beam program at JLab Hall D, 
JPARC, and advantage of COMPASS proposal

24
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Low-energy hadron structure: magnetic moments

• proposed measurement with crystals at LHC


• magnetic moments of short-lived baryons:

★ so far studies concentrate on Λc+

★ possible extension to Ξc+, heavier states, ultimately to τ lepton


• possibility to measure EDM (CP violating) being considered 
→ talk in session on new ideas tomorrow


• physics motivation: QCD for heavy-light systems 
modern predictive tools such as heavy-quark effective theory


• estimated target precision ~0.1 for g factor of Λc 
present theory predictions have g = 1.80 .. 2.05


• to get constraints/information on (g-2) of charm quark (BSM) 
would require detailed analysis of QCD uncertainties

25
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Chiral dynamics: πK scattering lengths

• DIRAC: pioneering experiment at CERN PS producing π π and π 
K atoms and measuring their lifetimes  
→ compute π π and π K scattering lengths


• physics: chiral symmetry breaking in QCD                         
→ low-energy interactions between π’s and K’s predicted  
→ chiral perturbation theory (ChPT)


★ kaon: chiral dynamics in strange sector, SU(3) breaking


• DIRAC++ at SPS: would have significantly higher yield for π K 
atoms                                                                     
→ measure |a1/2 - a3/2| with accuracy below 5%

★ quantity computed using ChPT/lattice techniques

26
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Chiral dynamics: kaon polarisabilities

• COMPASS with RF separated kaon beam: 
Primakoff process  K p →  K γ p


★ was done for π in completed COMPASS programme


• polarisabilities quantify charge deformation in static e.m. field


★ calculable in chiral perturbation theory (ChPT)                              
→ see previous slide


• present error estimate: 0.25 x 10-4 fm3 in 1 year 
based on pion analysis


• theory prediction = 0.6 x 10-4 fm3 from ChPT

27
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Measurements for cosmic ray physics

28

• LHC fixed target, COMPASS, NA61


• existing measurements: LHCb-CONF-2017-002                                                   

NA61/SHINE EPJC 77 (2017) 671


• future possibilities: compare experiments (kinematics, rates), 
quantify impact on cosmic ray physics
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Conclusions

• PBC proposals cover a wide range of important topics in QCD


• some are quite unique, others in tight competition worldwide


• for PBC document, work of next months will be crucial:


★ quantify expected reach/performance for physics output


★ estimate required experimental effort/timeline/cost


★ quantitative comparison with competition


➡ what are the physics advantages of your proposal?
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accessible transverse momenta of the photon, i.e., 
few times 10-3 < x < few times 10-2. The relevant 
scale Q2 is set be ~ pT

2 and ranges from 6 GeV2 to 
about 40 GeV2. Like all other inclusive probes in 
p+p and pA collisions, e.g., jets, no access to the 
exact parton kinematics can be provided event-by-
event but global QCD analyses easily account for 
that. After the p+Au run in 2023, the statistical 
precision of the prompt photon data will be suffi-
cient to contribute to a stringent test of the univer-
sality of nuclear PDFs when combined with the 
expected data from an EIC (see Figure 2.22 and 
2.23 in Ref [110]). 

Figure 4-5 shows the kinematic coverage in x–
Q2 of past, present, and future experiments capa-

ble of constraining nuclear parton distribution 
functions. The experiments shown provide meas-
urements that access the initial state parton kine-
matics on an event-by event basis (in a leading 
order approximation) while remaining insensitive 
to any nuclear effects in final state. Some of the 
LHC experiments cover the same x-range as DY 
at forward pseudo-rapidities at RHIC but at a 
much higher scale Q2, where nuclear modifica-
tions are already significantly reduced [108,111]. 
At intermediate Q2, DY at RHIC will extend the 
low-x reach by nearly one decade compared to 
EIC.

 

 

 
 
 
 
 
 
Figure 4-5: The kinematic coverage in 
x–Q2 of past, present and future exper-
iments constraining nPDFs with ac-
cess to the exact parton kinematics 
event-by-event and no fragmentation 
in the final state. 
 

 
The biggest challenge of a DY measurement is 

to suppress the overwhelming hadronic back-
ground: the total DY cross-section is about 10-5 to 
10-6 smaller than the corresponding hadron pro-
duction cross-sections. Therefore, the probability 
of misidentifying a hadron track as a lepton has to 
be suppressed to the order of 0.1% while main-
taining reasonable electron detection efficiencies. 
To that end, we have studied the combined elec-
tron/hadron discriminating power of the proposed 
forward tracking and calorimeter systems. It was 
found that by applying multivariate analysis tech-
niques to the features of EM/hadronic shower de-
velopment and momentum measurements we can 
achieve hadron rejection powers of 200 to 2000 
for hadrons of 15 GeV to 50 GeV with 80% elec-
tron detection efficiency. 

The left panel in Figure 4-6 shows the normal-
ized background yields along with the expected 
DY production and their uncertainties for a deliv-
ered luminosity of 2.3 pb-1 and assuming the per-

formance of the upgraded forward instrumentation 
as described in detail in Section 5. The green band 
represents the statistical uncertainties of the back-
ground yield and its shape. The right panel shows 
the DY signal to QCD background ratio as a func-
tion of the lepton pair mass. 
The same procedure as for the direct photon RpA 
was used to study the potential impact of the DY 
RpA data. For the DSSZ and EPS-09 sets of nPDFs 
both the predicted nuclear modifications and the 
current uncertainties are very similar. This is be-
cause both groups use the same DIS and DY data 
without any special weight factors in constraining 
sea-quarks. As can be inferred from Figure 4-7 we 
expect again a significant impact on the uncertain-
ties of RpA DY upon including the projected and 
properly randomized data. Clearly, the DY data 
from RHIC will be instrumental in reducing pre-
sent uncertainties in nuclear modifications of sea 
quarks. Again, these data will prove to be essen-
tial in testing the fundamental universality proper-
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Table 5. Key measurements in e + A collisions at an EIC to explore the dynamics of quarks and gluons in a nucleus in the
non-saturation regime.

Deliverables Observables What we learn

Collective Ratios R2 Q2 evolution: onset of DGLAP violation, beyond DGLAP

nuclear effects from inclusive DIS A-dependence of shadowing and antishadowing

at intermediate x Initial conditions for small-x evolution

Transport Production of light Color neutralization: mass dependence of hadronization

coefficients in and heavy hadrons, Multiple scattering and mass dependence of energy loss

nuclear matter and jets in SIDIS Medium effect of heavy quarkonium production

Nuclear density Hadron production Transverse momentum broadening of produced hadrons

and its fluctuation in SIDIS Azimuthal φ-modulation of produced hadrons

0.6

0.7
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Fig. 56. The ratio of nuclear over nucleon F2 structure func-
tion, R2, as a function of Bjorken x, with data from existing
fixed target DIS experiments at Q2 > 1GeV2, along with the
QCD global fit from EPS09 [176]. Also shown is the expected
kinematic coverage of the inclusive measurements at the EIC.
The purple error band is the expected systematic uncertainty
at the EIC assuming a ±2% (a total of 4%) systematic er-
ror, while the statistical uncertainty is expected to be much
smaller.

high-energy proton collisions with a momentum transfer
larger than 2GeV (corresponding to hard scatterings tak-
ing place at a distance less than one tenth of a femtome-
ter).

Are the quarks and gluons in a nucleus confined within
the individual nucleons? Or does the nuclear environment
significantly affect their distributions? The EMC experi-
ment at CERN [213] and experiments in the following two
decades clearly revealed that the momentum distribution
of quarks in a fast-moving nucleus is not a simple super-
position of their distributions within nucleons. Instead,
the measured ratio of nuclear over nucleon structure func-
tions, as defined in eq. (23), follows a non-trivial function
of Bjorken x, significantly different from unity, and shows
the suppression as x decreases, as shown in fig. 56. The ob-
served suppression at x ∼ 0.01, which is often referred to
as the phenomenon of nuclear shadowing, is much stronger
than what the Fermi motion of nucleons inside a nucleus
could account for. This discovery sparked a worldwide ef-

fort to study the properties of quarks and gluons and their
dynamics in the nuclear environment both experimentally
and theoretically.

Using the same very successful QCD formulation at
the leading power in Q for proton scattering, and using
the DGLAP evolution for the scale dependence of par-
ton momentum distributions, several QCD global analy-
ses have been able to fit the observed non-trivial nuclear
dependence of existing data, attributing all observed nu-
clear dependences —including its x-dependence and nu-
clear atomic weight A-dependence— to a set of nucleus-
dependent quark and gluon distributions at an input scale
Q0 ! 1GeV [176,178,179]. As an example, the fitting re-
sult of Eskola et al. is plotted along with the data on the
ratio of the F2 structure function of calcium divided by
that of deuterium in fig. 56, where the dark blue band
indicates the uncertainty of the EPS09 fit [176]. The suc-
cess of the QCD global analyses clearly indicates that the
response of the nuclear cross-section to the variation of
the probing momentum scale Q ! Q0 is insensitive to the
nuclear structure, since the DGLAP evolution itself does
not introduce any nuclear dependence. However, it does
not answer the fundamental questions: Why are the par-
ton distributions in a nucleus so different from those in a
free nucleon at the probing scale Q0? How do the nuclear
structure and QCD dynamics determine the distributions
of quarks and gluons in a nucleus?

The nucleus is a “molecule” in QCD, made of nucleons
—which, in turn, are bound states of quarks and gluons.
Unlike the molecule in QED, nucleons in the nucleus are
packed next to each other, and there are many soft gluons
inside nucleons when probed at small x. The DIS probe
has a high resolution in transverse size ∼ 1/Q. But its
resolution in the longitudinal direction, which is propor-
tional to 1/xp ∼ 1/Q, is not necessarily sharp in com-
parison with the Lorentz contracted size of a light-speed
nucleus, ∼ 2RA(m/p), with nuclear radius RA ∝ A1/3

and the Lorentz contraction factor m/p and nucleon mass
m. That is, when 1/xp > 2RA(m/p), or at a small
x ∼ 1/2mRA ∼ 0.01, the DIS probe could interact coher-
ently with quarks and gluons of all nucleons at the same
impact parameter of the largest nucleus moving nearly
at the speed of light, p ≫ m. The destructive interfer-
ence of the coherent multiple scattering could lead to a

projected precision  
using EIC data


