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Also pO and OO runs and possibly other 

intermediate-mass nuclei such as Ar-Ar

s = 14 TeV

pp collisions

ATLAS/CMS ℒ : 5 ⋅ 1034 cm−2 s−1 → ℒint : 3000 fb−1

LHCb ℒ : 2 ⋅ 1033/2 ⋅ 1034 cm−2 s−1 → ℒint : 300 fb−1

PbPb collisions

ALICE/ATLAS/CMS RUN4: ℒint : 6.8 nb−1

sNN = 5.5 TeV

pPb collisions

ATLAS/CMS RUN4: ℒint : 0.6 pb−1

LHCb RUN4: ℒint : 1.0 nb−1

sNN = 8.8 TeV

ALICE/LHCb RUN4: ℒint : 0.3 pb−1
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The electron-ion collider

→ s = 29 − 141 GeV

• Based on RHIC: 

• use existing hadron storage ring


     energy: 41–275 GeV

• add electron storage ring in RHIC tunnel


     energy: 5–18 GeV 
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The ePIC detector
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Timelines LHC
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6

 LS3: HL-LHC installation

LHCb-II, ALICE3 upgrades (tbc)

6

 LS3: HL-LHC installation

LHCb-II, ALICE3 upgrades (tbc)

6

 LS3: HL-LHC installation

LHCb-II, ALICE3 upgrades (tbc)

HL-LHC installation

6

 LS3: HL-LHC installation

LHCb-II, ALICE3 upgrades (tbc)



Project milestones

CD-0: mission need

CD-1: alternative selection, cost range 

CD-2 project baseline

CD-3: start of construction

CD-4: project completion, start of operation

EIC

Construction phase

Science phase
end of RHIC operations
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Impact of HL-LHC on determination of PDFs

5−10 4−10 3−10 2−10 1−10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) [
re

f] 
2

) /
 g

 ( 
x,

 Q
2

g 
( x

, Q

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5−10 4−10 3−10 2−10 1−10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) [
re

f] 
2

) /
 d

 ( 
x,

 Q
2

d 
( x

, Q

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5−10 4−10 3−10 2−10 1−10
       x  

0.9

0.95

1

1.05

1.1

1.15

1.2

) [
re

f] 
2

 ( 
x,

 Q
u

) /
 

2
 ( 

x,
 Q

u

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

5−10 4−10 3−10 2−10 1−10
       x  

0.8

0.9

1

1.1

1.2

) [
re

f] 
2

 ( 
x,

 Q
+

) /
 s

2
 ( 

x,
 Q

+ s

PDF4LHC15
+ HL-LHC (scen C)
+ HL-LHC (scen A)

PDFs at the HL-LHC ( Q = 10 GeV )

Fig. 59: Comparison of PDF4LHC15 with the profiled sets with HL-LHC data in scenarios A and C (see text).
The gluon, down quark, up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central
value of the baseline.

large factor of 5 for the 13 TeV measurements is assumed, correcting for the fact that these are based in
the initial datasets which generally have larger systematic errors in comparison to the 8 TeV case. The
name of the corresponding LHAPDF grid is also indicated in each case.

Table 32: The three scenarios for the systematic uncertainties of the HL-LHC pseudo-data assumed in the present
exercise. These scenarios, ranging from conservative to optimistic, differ among them in the reduction factor fred,
eq. (33), applied to the systematic errors of the reference 8 TeV or 13 TeV measurements. The name of the
corresponding LHAPDF grid is also indicated in each case.

Scenario fred (8 TeV) fred (13 TeV) LHAPDF set Comments

A 0.4 0.2 PDF4LHC_nnlo_hllhc_scen3 Optimistic

B 0.7 0.36 PDF4LHC_nnlo_hllhc_scen2 Intermediate

C 1 0.5 PDF4LHC_nnlo_hllhc_scen1 Conservative

Then in Fig. 59 a comparison of the baseline PDF4LHC15 set is presented with the profiled sets
based on HL-LHC pseudo-data from scenarios A and C in Table 32. Specifically, the gluon, down quark,
up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central value of the
baseline. The predictions of scenarios A and C (optimistic and conservative respectively) are observed
to be reasonably similar. This demonstrates that the results are relatively robust against the projections
of how experimental errors will be reduced in HL-LHC measurements. A marked reduction of PDF

REPORT FROM WORKING GROUP 1
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Predictions based on 

 ab-1 for ATLAS and CMS


 ab-1 for LHCb

at 

ℒ = 3
ℒ = 0.3

s = 14

Limited amount of considered processes:

• high-mass Drell-Yan

• top-quark pair production

• (high-pT) Z 

• W(+charm quark)

• isolated photons

• inclusive jet production

A. Dainese et al., CERN Yellow Reports: Vol. 7 (2019)
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Impact of HL-LHC PDFs on Higgs production and BSM searches

PDF uncertainties 
HLLHC / Current 10 GeV < MX < 40 GeV 40 GeV < MX < 1 TeV 1 TeV < MX < 6 TeV

g-g luminosity 0.58 (0.49) 0.41 (0.29) 0.38 (0.24)

q-g luminosity 0.71 (0.65) 0.49 (0.42) 0.39 (0.29)

quark-quark 
luminosity 0.78 (0.73) 0.46 (0.37) 0.60 (0.45)

quark-antiquark 
luminosity 0.73 (0.70) 0.40 (0.30) 0.61 (0.50)

up-strange 
luminosity 0.73 (0.67) 0.38 (0.27) 0.42 (0.38)

Fig. 61: The uncertainties associated to different PDF luminosities, normalised to the uncertainties of the current
baseline (PDF4LHC15). The average for three different invariant mass MX bins is computed. The numbers
outside (inside) brackets correspond to the conservative (optimistic) scenario.
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Fig. 62: Comparison between the baseline PDF4LHC15 predictions for high-mass supersymmetric particle pro-
duction at the HL-LHC with the corresponding HL-LHC projections corresponding to scenarios C and A, nor-
malised to the central value of the baseline. The results for gluino-gluino and squark-gluino production cross-
sections are shown at

p
s = 14 TeV.

Implications for LHC phenomenology
Now some selected phenomenological implications of these “ultimate” PDFs at the HL-LHC are pre-
sented for a variety of processes, both within the SM and beyond. First high-mass supersymmetric
(SUSY) particle production at the HL-LHC is considered, where sparticles masses up to ' 3 TeV can
be searched for. While this SUSY scenario is considered for concreteness, similar results will hold
for the production of new BSM states within other models. In Fig. 62 the comparison between the
baseline PDF4LHC15 predictions with the corresponding HL-LHC results is shown corresponding to
scenarios C and A (conservative and optimistic respectively), normalised to the central value of the for-
mer. Specifically, the cross-sections for gluino-gluino and squark-gluino are shown at

p
s = 14 TeV.

Theoretical predictions have been computed at leading order (LO) using PYTHIA8.235 [292] with the
SLHA2 benchmark point [566] for a range of sparticle masses. For simplicity, underlying event and
multiple interactions have been ignored.

From the comparisons in Fig. 62, the constraints on the PDFs from the HL-LHC pseudo-data
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Fig. 63: Same as Fig. 62 for Standard Model processes. The upper plots show diphoton (dijet) production as a
function of the minimum invariant mass Mmin

�� (Mmin
jj ). The bottom plots show Higgs boson production in gluon

fusion, first inclusive and decaying into bb̄ as a function of pT,min
b

, and then in association with a hard jet as a
function of pT,min

jet .

lead to a marked reduction to the uncertainties in the high-mass SUSY cross-sections, consistent with
the corresponding reduction at the level of luminosities reported in Fig. 60. For instance, for gluino
pair-production with Meg = 3 TeV, the PDF uncertainties are reduced from ' 60% to ' 25% in the
optimistic scenario. An even more marked reduction is found for the squark-gluino cross-section, spe-
cially at large sparticle masses. More moderate improvements are found in the case of squark-antisquark
production, due to the limited constraints that the HL-LHC provides on the large-x antiquarks, at least
for the processes considered here. In this case, an error reduction of a factor of ' 25% is found for
Meq = 3 TeV.

Next, in Fig. 63 a similar comparison is presented as that of Fig. 62, now for various SM pro-
cesses. The upper plots display diphoton (dijet) production as a function of the minimum invariant mass
Mmin

�� (Mmin
jj ). The bottom plots show Higgs boson production in gluon fusion, first inclusive and de-

caying into bb̄ as a function of pT,min
b , and then in association with a hard jet as a function of pT,min

jet .
These cross-sections have been computed at LO with MCFMv8.2 [210] with the basic ATLAS and CMS
acceptance cuts. The use of leading-order theory is justified as only the relative impact of the PDF error
reduction is of interest, rather than providing state-of-the-art predictions for the rates.

From the comparisons in Fig. 63, the two scenarios, A and C, give similar results. In the case
of dijet production, which at large masses is dominated by the qq and qg luminosities, PDF errors are
expected to reduce down to '2% even for invariant masses as large as Mjj = 6 TeV. A similar con-
clusion can be drawn for diphoton production, also sensitive to the qq partonic initial state. Concerning

STANDARD MODEL PHYSICS AT THE HL-LHC AND HE-LHC
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lead to a marked reduction to the uncertainties in the high-mass SUSY cross-sections, consistent with
the corresponding reduction at the level of luminosities reported in Fig. 60. For instance, for gluino
pair-production with Meg = 3 TeV, the PDF uncertainties are reduced from ' 60% to ' 25% in the
optimistic scenario. An even more marked reduction is found for the squark-gluino cross-section, spe-
cially at large sparticle masses. More moderate improvements are found in the case of squark-antisquark
production, due to the limited constraints that the HL-LHC provides on the large-x antiquarks, at least
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Impact of EIC on determination of PDFs

quarks in the high x region, while LHC measurements
are playing an increasingly important role, most notably
in the quark flavor decomposition and for the gluon at high
x [2,49]. Within such a fit, the impact of any additional data
will necessarily be balanced by the pulls of other datasets in
the fit. The overall impact is therefore expected to be
reduced in comparison to a fit where the EIC pseudodata
are added to a more limited, HERA-only, baseline.
The impact of EIC data on the high x PDFs has been

studied relative to a recent example global fit, MSHT20
[3,50]. The same cuts, Q2 ≥ 2 GeV2 and W2 ≥ 15 GeV2

are applied as in [3]. As described in Sec. II the EIC
pseudodata are produced using NLO QCD theory and,
consistently, with MSHT20NLO PDFs, while the fit is
performed at NNLO. This is in order to effectively inject
some inconsistency between theory and pseudodata, as one
might expect to occur in a real comparison between data
and theory. The impact of this procedure on the corre-
sponding PDF uncertainties, relative to the case adopted in
Sec. III A where theory and pseudodata agree by con-
struction, is minimal.
As expected, the EIC impact relative to MSHT20 is

substantially reduced compared with that relative to
HERAPDF2.0. However, there are still significant effects,
as illustrated in Fig. 5. Due to the charge-squared coupling
of the virtual photon in DIS, up quarks are more strongly
impacted than down quarks, such that the biggest impact is
on the up-valence distribution, for which a reduction in
uncertainties of up to ∼50% is observed in the highest x
region. The relative impact of data in the low y kinematic
region is investigated by comparing the standard selection
with results from a dataset restricted to y > 10−2. The
difference in precision on the up-valence distribution is
negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy con-
figurations, removing the need for difficult measurements
at extreme low y values.
The simulated EIC data bring a small, but nonetheless

valuable, improvement in the precision on all of the
other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration
here; overall uncertainties are relatively small at such large
scales due to the constraints from scaling violations in
gluon-initiated DIS.
The results shown here, in the context of the MSHT

global PDF fit for the first time, are broadly consistent with
previous studies of EIC impact relative to global PDF fits
[15–19], though now with pseudodata more representative
of expected experimental setups. Some of these previous
studies have also noted other smaller impacts in reducing
the uncertainties of the strangeness or d=u ratio at high x.
However there were differences observed between groups
and depending on the study [19]. We do not see notable
changes in either the strange or d=u ratio uncertainty at
high x, though our study has only considered proton data

and electron beams. The inclusion of deuteron data and/or
positron beams would be expected to allow a greater
sensitivity to d−type quarks and may therefore lead to
such improvements.
It is worth noting that the more comprehensive datasets

included in global PDF fits bring associated complexities
and issues that are not necessarily present in the DIS-only
case. As well as the more complex theoretical description
of hadron-hadron collisions, and the necessity of including
nonperturbative input for example in the nuclear correc-
tions to fixed-target data and hadronization corrections to
jet cross sections, there is observed to be a degree of tension
between the different datasets that enter the global fit
[3,49,51–53]. In the MSHT case, this is accounted for by
including an enlarged “tolerance” with respect to textbook
statistical expectations when evaluating the corresponding
PDF uncertainties [54]. The milder impact of the EIC
pseudodata in the MSHT global fit should be considered in
this context. In particular, the addition of EIC data may

FIG. 5. Impact of simulated EIC data on the collinear
proton parton distributions relative to the MSHT20 global fits.
The bands show relative uncertainties as a function of x,
comparing the MSHT20 baseline with results when additionally
including EIC data. Top: up valence density at Q2 ¼ 1.9 GeV2,
also comparing EIC scenarios with a restriction to y > 10−2

(MSHT20 + EIC) with the standard requirement y > 10−3

[MSHT20 + EIC (high Acc.)]. Bottom: gluon density at
Q2 ¼ 104 GeV2.
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quarks in the high x region, while LHC measurements
are playing an increasingly important role, most notably
in the quark flavor decomposition and for the gluon at high
x [2,49]. Within such a fit, the impact of any additional data
will necessarily be balanced by the pulls of other datasets in
the fit. The overall impact is therefore expected to be
reduced in comparison to a fit where the EIC pseudodata
are added to a more limited, HERA-only, baseline.
The impact of EIC data on the high x PDFs has been

studied relative to a recent example global fit, MSHT20
[3,50]. The same cuts, Q2 ≥ 2 GeV2 and W2 ≥ 15 GeV2

are applied as in [3]. As described in Sec. II the EIC
pseudodata are produced using NLO QCD theory and,
consistently, with MSHT20NLO PDFs, while the fit is
performed at NNLO. This is in order to effectively inject
some inconsistency between theory and pseudodata, as one
might expect to occur in a real comparison between data
and theory. The impact of this procedure on the corre-
sponding PDF uncertainties, relative to the case adopted in
Sec. III A where theory and pseudodata agree by con-
struction, is minimal.
As expected, the EIC impact relative to MSHT20 is

substantially reduced compared with that relative to
HERAPDF2.0. However, there are still significant effects,
as illustrated in Fig. 5. Due to the charge-squared coupling
of the virtual photon in DIS, up quarks are more strongly
impacted than down quarks, such that the biggest impact is
on the up-valence distribution, for which a reduction in
uncertainties of up to ∼50% is observed in the highest x
region. The relative impact of data in the low y kinematic
region is investigated by comparing the standard selection
with results from a dataset restricted to y > 10−2. The
difference in precision on the up-valence distribution is
negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy con-
figurations, removing the need for difficult measurements
at extreme low y values.
The simulated EIC data bring a small, but nonetheless

valuable, improvement in the precision on all of the
other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration
here; overall uncertainties are relatively small at such large
scales due to the constraints from scaling violations in
gluon-initiated DIS.
The results shown here, in the context of the MSHT

global PDF fit for the first time, are broadly consistent with
previous studies of EIC impact relative to global PDF fits
[15–19], though now with pseudodata more representative
of expected experimental setups. Some of these previous
studies have also noted other smaller impacts in reducing
the uncertainties of the strangeness or d=u ratio at high x.
However there were differences observed between groups
and depending on the study [19]. We do not see notable
changes in either the strange or d=u ratio uncertainty at
high x, though our study has only considered proton data

and electron beams. The inclusion of deuteron data and/or
positron beams would be expected to allow a greater
sensitivity to d−type quarks and may therefore lead to
such improvements.
It is worth noting that the more comprehensive datasets

included in global PDF fits bring associated complexities
and issues that are not necessarily present in the DIS-only
case. As well as the more complex theoretical description
of hadron-hadron collisions, and the necessity of including
nonperturbative input for example in the nuclear correc-
tions to fixed-target data and hadronization corrections to
jet cross sections, there is observed to be a degree of tension
between the different datasets that enter the global fit
[3,49,51–53]. In the MSHT case, this is accounted for by
including an enlarged “tolerance” with respect to textbook
statistical expectations when evaluating the corresponding
PDF uncertainties [54]. The milder impact of the EIC
pseudodata in the MSHT global fit should be considered in
this context. In particular, the addition of EIC data may

FIG. 5. Impact of simulated EIC data on the collinear
proton parton distributions relative to the MSHT20 global fits.
The bands show relative uncertainties as a function of x,
comparing the MSHT20 baseline with results when additionally
including EIC data. Top: up valence density at Q2 ¼ 1.9 GeV2,
also comparing EIC scenarios with a restriction to y > 10−2

(MSHT20 + EIC) with the standard requirement y > 10−3

[MSHT20 + EIC (high Acc.)]. Bottom: gluon density at
Q2 ¼ 104 GeV2.
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quarks in the high x region, while LHC measurements
are playing an increasingly important role, most notably
in the quark flavor decomposition and for the gluon at high
x [2,49]. Within such a fit, the impact of any additional data
will necessarily be balanced by the pulls of other datasets in
the fit. The overall impact is therefore expected to be
reduced in comparison to a fit where the EIC pseudodata
are added to a more limited, HERA-only, baseline.
The impact of EIC data on the high x PDFs has been

studied relative to a recent example global fit, MSHT20
[3,50]. The same cuts, Q2 ≥ 2 GeV2 and W2 ≥ 15 GeV2

are applied as in [3]. As described in Sec. II the EIC
pseudodata are produced using NLO QCD theory and,
consistently, with MSHT20NLO PDFs, while the fit is
performed at NNLO. This is in order to effectively inject
some inconsistency between theory and pseudodata, as one
might expect to occur in a real comparison between data
and theory. The impact of this procedure on the corre-
sponding PDF uncertainties, relative to the case adopted in
Sec. III A where theory and pseudodata agree by con-
struction, is minimal.
As expected, the EIC impact relative to MSHT20 is

substantially reduced compared with that relative to
HERAPDF2.0. However, there are still significant effects,
as illustrated in Fig. 5. Due to the charge-squared coupling
of the virtual photon in DIS, up quarks are more strongly
impacted than down quarks, such that the biggest impact is
on the up-valence distribution, for which a reduction in
uncertainties of up to ∼50% is observed in the highest x
region. The relative impact of data in the low y kinematic
region is investigated by comparing the standard selection
with results from a dataset restricted to y > 10−2. The
difference in precision on the up-valence distribution is
negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy con-
figurations, removing the need for difficult measurements
at extreme low y values.
The simulated EIC data bring a small, but nonetheless

valuable, improvement in the precision on all of the
other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration
here; overall uncertainties are relatively small at such large
scales due to the constraints from scaling violations in
gluon-initiated DIS.
The results shown here, in the context of the MSHT

global PDF fit for the first time, are broadly consistent with
previous studies of EIC impact relative to global PDF fits
[15–19], though now with pseudodata more representative
of expected experimental setups. Some of these previous
studies have also noted other smaller impacts in reducing
the uncertainties of the strangeness or d=u ratio at high x.
However there were differences observed between groups
and depending on the study [19]. We do not see notable
changes in either the strange or d=u ratio uncertainty at
high x, though our study has only considered proton data

and electron beams. The inclusion of deuteron data and/or
positron beams would be expected to allow a greater
sensitivity to d−type quarks and may therefore lead to
such improvements.
It is worth noting that the more comprehensive datasets

included in global PDF fits bring associated complexities
and issues that are not necessarily present in the DIS-only
case. As well as the more complex theoretical description
of hadron-hadron collisions, and the necessity of including
nonperturbative input for example in the nuclear correc-
tions to fixed-target data and hadronization corrections to
jet cross sections, there is observed to be a degree of tension
between the different datasets that enter the global fit
[3,49,51–53]. In the MSHT case, this is accounted for by
including an enlarged “tolerance” with respect to textbook
statistical expectations when evaluating the corresponding
PDF uncertainties [54]. The milder impact of the EIC
pseudodata in the MSHT global fit should be considered in
this context. In particular, the addition of EIC data may

FIG. 5. Impact of simulated EIC data on the collinear
proton parton distributions relative to the MSHT20 global fits.
The bands show relative uncertainties as a function of x,
comparing the MSHT20 baseline with results when additionally
including EIC data. Top: up valence density at Q2 ¼ 1.9 GeV2,
also comparing EIC scenarios with a restriction to y > 10−2

(MSHT20 + EIC) with the standard requirement y > 10−3

[MSHT20 + EIC (high Acc.)]. Bottom: gluon density at
Q2 ¼ 104 GeV2.
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quarks in the high x region, while LHC measurements
are playing an increasingly important role, most notably
in the quark flavor decomposition and for the gluon at high
x [2,49]. Within such a fit, the impact of any additional data
will necessarily be balanced by the pulls of other datasets in
the fit. The overall impact is therefore expected to be
reduced in comparison to a fit where the EIC pseudodata
are added to a more limited, HERA-only, baseline.
The impact of EIC data on the high x PDFs has been

studied relative to a recent example global fit, MSHT20
[3,50]. The same cuts, Q2 ≥ 2 GeV2 and W2 ≥ 15 GeV2

are applied as in [3]. As described in Sec. II the EIC
pseudodata are produced using NLO QCD theory and,
consistently, with MSHT20NLO PDFs, while the fit is
performed at NNLO. This is in order to effectively inject
some inconsistency between theory and pseudodata, as one
might expect to occur in a real comparison between data
and theory. The impact of this procedure on the corre-
sponding PDF uncertainties, relative to the case adopted in
Sec. III A where theory and pseudodata agree by con-
struction, is minimal.
As expected, the EIC impact relative to MSHT20 is

substantially reduced compared with that relative to
HERAPDF2.0. However, there are still significant effects,
as illustrated in Fig. 5. Due to the charge-squared coupling
of the virtual photon in DIS, up quarks are more strongly
impacted than down quarks, such that the biggest impact is
on the up-valence distribution, for which a reduction in
uncertainties of up to ∼50% is observed in the highest x
region. The relative impact of data in the low y kinematic
region is investigated by comparing the standard selection
with results from a dataset restricted to y > 10−2. The
difference in precision on the up-valence distribution is
negligible, which is largely due to the overlapping phase
space coverages of the different EIC beam energy con-
figurations, removing the need for difficult measurements
at extreme low y values.
The simulated EIC data bring a small, but nonetheless

valuable, improvement in the precision on all of the
other parton species at all x and Q2 values. The gluon
density at the electroweak scale is chosen for illustration
here; overall uncertainties are relatively small at such large
scales due to the constraints from scaling violations in
gluon-initiated DIS.
The results shown here, in the context of the MSHT

global PDF fit for the first time, are broadly consistent with
previous studies of EIC impact relative to global PDF fits
[15–19], though now with pseudodata more representative
of expected experimental setups. Some of these previous
studies have also noted other smaller impacts in reducing
the uncertainties of the strangeness or d=u ratio at high x.
However there were differences observed between groups
and depending on the study [19]. We do not see notable
changes in either the strange or d=u ratio uncertainty at
high x, though our study has only considered proton data

and electron beams. The inclusion of deuteron data and/or
positron beams would be expected to allow a greater
sensitivity to d−type quarks and may therefore lead to
such improvements.
It is worth noting that the more comprehensive datasets

included in global PDF fits bring associated complexities
and issues that are not necessarily present in the DIS-only
case. As well as the more complex theoretical description
of hadron-hadron collisions, and the necessity of including
nonperturbative input for example in the nuclear correc-
tions to fixed-target data and hadronization corrections to
jet cross sections, there is observed to be a degree of tension
between the different datasets that enter the global fit
[3,49,51–53]. In the MSHT case, this is accounted for by
including an enlarged “tolerance” with respect to textbook
statistical expectations when evaluating the corresponding
PDF uncertainties [54]. The milder impact of the EIC
pseudodata in the MSHT global fit should be considered in
this context. In particular, the addition of EIC data may

FIG. 5. Impact of simulated EIC data on the collinear
proton parton distributions relative to the MSHT20 global fits.
The bands show relative uncertainties as a function of x,
comparing the MSHT20 baseline with results when additionally
including EIC data. Top: up valence density at Q2 ¼ 1.9 GeV2,
also comparing EIC scenarios with a restriction to y > 10−2

(MSHT20 + EIC) with the standard requirement y > 10−3

[MSHT20 + EIC (high Acc.)]. Bottom: gluon density at
Q2 ¼ 104 GeV2.
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up-valence, down-valence, gluon and total sea-quark
densities. The uncertainty bands show the symmetrized
total uncertainty, including experimental, model and
parametrization contributions,5 as discussed in detail in
[1]. The experimental uncertainties are generally dominant
in regions where there is data. A significant reduction
in uncertainties for all parton species is observed when
adding the EIC pseudodata, as discussed in detail in the
following.
Since the high x regime is of particular interest, the

potential improvements are most readily visualized on a
linear x scale, as shown in Fig. 3 at the starting scale for
DGLAP evolution, Q2 ¼ 1.9 GeV2. The EIC impact is
most striking in the very large x region x≳ 0.7, particularly

dramatic for the u valence quark.6 The improved constraints
are traceable to the large integrated luminosity of the EIC
pseudodata and the correspondingly improved data pre-
cision in the high-x region compared with HERA. The
charge-squared weighting of the photon couplings result in
stronger sensitivity to the up than to the down quark
density. Figure 4 shows the same information as that in
Fig. 3, but as a logarithmic function of x and at the
electroweak scale, Q2 ¼ m2

Z GeV2. At low and intermedi-
ate x, where our current knowledge of proton collinear
structure is dominated by HERA data, the EIC pseudodata
continue to have a sizeable impact on the quark densities.
While this is in part due to the large EIC luminosity and
extended phase-space, the very low x constraints on the
valence quarks come primarily from the valence quark
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FIG. 3. Impact of simulated EIC data on the NNLO collinear parton distributions of the proton. The bands show relative total
uncertainties as a function of x for the up-valence, down-valence, gluon and total sea distributions, for Q2 ¼ 1.9 GeV2. The
HERAPDF2.0NNLO total uncertainties (using HERA data alone) are compared with results in which simulated EIC data are also
included in the HERAPDF2.0NNLO fitting framework.

5For technical reasons, the number of model and parametriza-
tion uncertainties differs between the HERAPDF2.0 baseline and
the version with added EIC pseudodata. However, this is expected
to cause only comparatively minor differences.

6Near to the starting scale for QCD evolution, the PDFs are
dominated by the valence quark densities for typically x ≳ 0.2,
with the gluon density becoming dominant at lower x values.
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up-valence, down-valence, gluon and total sea-quark
densities. The uncertainty bands show the symmetrized
total uncertainty, including experimental, model and
parametrization contributions,5 as discussed in detail in
[1]. The experimental uncertainties are generally dominant
in regions where there is data. A significant reduction
in uncertainties for all parton species is observed when
adding the EIC pseudodata, as discussed in detail in the
following.
Since the high x regime is of particular interest, the

potential improvements are most readily visualized on a
linear x scale, as shown in Fig. 3 at the starting scale for
DGLAP evolution, Q2 ¼ 1.9 GeV2. The EIC impact is
most striking in the very large x region x≳ 0.7, particularly

dramatic for the u valence quark.6 The improved constraints
are traceable to the large integrated luminosity of the EIC
pseudodata and the correspondingly improved data pre-
cision in the high-x region compared with HERA. The
charge-squared weighting of the photon couplings result in
stronger sensitivity to the up than to the down quark
density. Figure 4 shows the same information as that in
Fig. 3, but as a logarithmic function of x and at the
electroweak scale, Q2 ¼ m2

Z GeV2. At low and intermedi-
ate x, where our current knowledge of proton collinear
structure is dominated by HERA data, the EIC pseudodata
continue to have a sizeable impact on the quark densities.
While this is in part due to the large EIC luminosity and
extended phase-space, the very low x constraints on the
valence quarks come primarily from the valence quark
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the version with added EIC pseudodata. However, this is expected
to cause only comparatively minor differences.

6Near to the starting scale for QCD evolution, the PDFs are
dominated by the valence quark densities for typically x ≳ 0.2,
with the gluon density becoming dominant at lower x values.
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propagator term in the cross section and the modest
integrated luminosity (∼0.5 fb−1 per experiment). The
large x region in global fits is therefore constrained to a
large extent by measurements from fixed target experi-
ments, e.g., BCDMS and NMC [41,42]. However, there are
uncertainties in the theoretical description of the fixed
target data due to their low hadronic final state invariant
masses,4 values where it becomes difficult to disentangle
perturbative corrections from powerlike effects. The EIC is
thus particularly promising in the high x region, where it is
expected to provide data that are both high precision and
theoretically clean.
eA pseudodata were produced analogously, considering

the nucleus to be Au, and per-nucleon integrated luminos-
ities of 4.4 fb−1, 79 fb−1 and 79 fb−1 for 5 × 41 GeV, 10 ×
110 GeV and 18 × 110 GeV, respectively. The locations in
the (x;Q2) kinematic plane of the EIC pseudodata used in
this analysis are shown in Fig. 2, together with shaded areas
representing the regions presently covered and considered
in existing global nPDF fits [13,14]. Note that we are
interested in the uncertainties while the central values are
irrelevant for this study. Therefore, the same PDF set
HERAPDF2.0NNLO [1] used for the proton is employed
for eA, corresponding to a central value of the nuclear

modification factor (defined as the ratio of each parton
density in a proton bound inside a nucleus to that in a free
proton) equal to 1.

III. EIC IMPACT ON PROTON PDFs

A. Comparison with HERA-only PDFs

The results presented in this section are obtained
from global QCD fits at NNLO, performed in the
HERAPDF2.0 framework [1] using xFitter, an open
source QCD fit platform [43]. Fits with identical con-
figurations are performed to HERA data only, corre-
sponding to HERAPDF2.0NNLO in [1], and also with the
additional inclusion of the simulated EIC pseudodata
described in Sec. II. To avoid regions that may be
strongly affected by higher twist or resummation
effects, a cut on the squared hadronic final state
invariant mass, W2¼Q2ð1−xÞ=x> 10GeV2 is included
for the EIC data. No such cut was required in the
HERAPDF2.0NNLO fit as the kinematic range of
the data included there is such that W2 ≳ 270 GeV2.
The central values of the PDFs with and without the EIC
pseudodata coincide by construction, so the uncertainties
can be compared directly.
The impact of the EIC pseudodata on the experimental

uncertainties in the HERAPDF2.0NNLO fits is illustrated
in Figs. 3 and 4. Relative uncertainties are shown for the
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FIG. 1. The locations in the (x;Q2) plane of the HERA (black
solid points) and EIC (open symbols) ep neutral current inclusive
DIS data points included in the analysis.
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neutral current inclusive DIS data points included in the analysis
(open symbols), compared to the region (hatched areas) covered
at present by DIS and Drell-Yan fixed target experiments on
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production in pPb collisions at the LHC.

4The hadronic final state invariant mass W is related
to the other standard DIS kinematic variables through W2 ¼
Q2ð1 − xÞ=x.
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detail. In particular, it opens up a new region at low x that
has not been constrained previously in DIS or Drell-Yan
data. The partonic structure of nuclei is commonly dis-
cussed in terms of nuclear PDFs (nPDFs), or nuclear
modification ratios, which encode the deviations of
nPDFs from simple scaling of free nucleon PDFs with
atomic mass A after appropriately accounting for varying
proton-to-neutron ratios using isospin symmetry. The
deviations from this scaling with A may be due to binding
effects or, at low x, to new parton dynamics [66] (‘satu-
ration’ phenomena) associated with the denser systems of
gluons found in heavy nuclei than in nucleons.
Present DIS data feeding into nPDFs are limited to fixed

target measurements at large x and relatively low Q2. Data

from fixed target and colliding mode hadron-nucleus
experiments can be used to extend the sensitivity, but with
similar associated theoretical difficulties to those discussed
in the proton context in Sec. III. Since the uncertainties in
the nuclear modification factors are large in the low x
region that will be newly explored in DIS, the EIC is
expected to have an impact with relatively modest amounts
of eA data.
The potential impact on nuclear PDFs of simulated EIC

data is studied here in the xFitter framework [43]. Data
from EIC only are used as input to fits in which the PDFs
evolve according to the next-to-leading order (NLO)
DGLAP equations, with a minimum Q2 of 3.5 GeV2 using
a parametrization at the starting scale taken from the
HERAPDF2.0 studies.8 Figures 9–11 show the results
for the gluon density, the sea up quark density and the
up valence quark density, respectively. The relative pre-
cision is shown separately for the proton and for gold
nuclei, as well as for their ratio, i.e., the nuclear
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FIG. 9. Impact of EIC data on the understanding of nuclear
effects in the collinear gluon distribution, as obtained from
DGLAP-based QCD fits. Top: projected relative uncertainty
on the gluon density of the proton as a function of x for
Q2 ¼ 10 GeV2, using only EIC input data. Middle: projected
relative uncertainty on the gluon density of a proton in the gold
nucleus as a function of x for Q2 ¼ 10 GeV2, using only EIC
input data. Bottom: nuclear modification factors formed from the
ratio of projected gluon densities in gold and in the proton. The
results obtained using only EIC data are compared with those
from a global fit (EPPS21 [10]). Vertical dotted lines indicate the
lowest values of x for pseudodata used in the fit, see the text.
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FIG. 10. As for Fig. 9, but for the sea up quark density.

8This lower cut in Q2 leads to minimum x values for the
pseudodata of 0.0005 and 0.00125 in ep and eA, respectively,
which are indicated in Figs. 9–11 by vertical dotted lines.
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propagator term in the cross section and the modest
integrated luminosity (∼0.5 fb−1 per experiment). The
large x region in global fits is therefore constrained to a
large extent by measurements from fixed target experi-
ments, e.g., BCDMS and NMC [41,42]. However, there are
uncertainties in the theoretical description of the fixed
target data due to their low hadronic final state invariant
masses,4 values where it becomes difficult to disentangle
perturbative corrections from powerlike effects. The EIC is
thus particularly promising in the high x region, where it is
expected to provide data that are both high precision and
theoretically clean.
eA pseudodata were produced analogously, considering

the nucleus to be Au, and per-nucleon integrated luminos-
ities of 4.4 fb−1, 79 fb−1 and 79 fb−1 for 5 × 41 GeV, 10 ×
110 GeV and 18 × 110 GeV, respectively. The locations in
the (x;Q2) kinematic plane of the EIC pseudodata used in
this analysis are shown in Fig. 2, together with shaded areas
representing the regions presently covered and considered
in existing global nPDF fits [13,14]. Note that we are
interested in the uncertainties while the central values are
irrelevant for this study. Therefore, the same PDF set
HERAPDF2.0NNLO [1] used for the proton is employed
for eA, corresponding to a central value of the nuclear

modification factor (defined as the ratio of each parton
density in a proton bound inside a nucleus to that in a free
proton) equal to 1.

III. EIC IMPACT ON PROTON PDFs

A. Comparison with HERA-only PDFs

The results presented in this section are obtained
from global QCD fits at NNLO, performed in the
HERAPDF2.0 framework [1] using xFitter, an open
source QCD fit platform [43]. Fits with identical con-
figurations are performed to HERA data only, corre-
sponding to HERAPDF2.0NNLO in [1], and also with the
additional inclusion of the simulated EIC pseudodata
described in Sec. II. To avoid regions that may be
strongly affected by higher twist or resummation
effects, a cut on the squared hadronic final state
invariant mass, W2¼Q2ð1−xÞ=x> 10GeV2 is included
for the EIC data. No such cut was required in the
HERAPDF2.0NNLO fit as the kinematic range of
the data included there is such that W2 ≳ 270 GeV2.
The central values of the PDFs with and without the EIC
pseudodata coincide by construction, so the uncertainties
can be compared directly.
The impact of the EIC pseudodata on the experimental

uncertainties in the HERAPDF2.0NNLO fits is illustrated
in Figs. 3 and 4. Relative uncertainties are shown for the

6!10 5!10 4!10 3!10 2!10 1!10 1

1!10

1

10

210

310

410

510

x

)2 (GeV2Q

HERA

EIC ep 18X275 GeV

EIC ep 10X275 GeV

EIC ep 10X100 GeV

EIC ep 5X100 GeV

EIC ep 5X41 GeV

FIG. 1. The locations in the (x;Q2) plane of the HERA (black
solid points) and EIC (open symbols) ep neutral current inclusive
DIS data points included in the analysis.
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(open symbols), compared to the region (hatched areas) covered
at present by DIS and Drell-Yan fixed target experiments on
nuclear targets, and by dijet, electro-weak boson and D-meson
production in pPb collisions at the LHC.

4The hadronic final state invariant mass W is related
to the other standard DIS kinematic variables through W2 ¼
Q2ð1 − xÞ=x.
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Fig. 6: Feynman diagrams for direct photon production. Prompt (isolated) photons from the leading
order a) quark-gluon Compton process, and b) quark-antiquark annihilation process. Fragmentation (non-
isolated) photons are produced at next-to-leading order from c) bremsstrahlung from a quark, and d)
emission during the gluon fragmentation process.
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and fragmentation subprocesses in NLO direct photon production in pp collisions at

p
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LHC at forward rapidity obtained with JETPHOX. Figures are taken from [53].

next— the g is not affected by final state effects.

2.1.2 Probing the gluon density with isolated photons

Prompt photons provide a direct access to the parton kinematics, since they couple to quarks,
and unlike hadrons are not affected by final state effects. At leading order (LO), the photon is
produced directly at the parton interaction vertex without fragmentation, as shown in the left
panel of Fig. 6. The dominant photon production process is the quark-gluon Compton pro-
cess (Fig. 6a), followed by quark-anti-quark annihilation (Fig. 6b), contributing mostly at large
x. In next-to-leading order (NLO) or even higher order processes, photons may also be produced
by bremsstrahlung or fragmentation of one of the outgoing partons, Figs 6c and d. Both involve
the non-perturbative parton-to-photon fragmentation distributions which are only partly known
from existing measurements. At LHC energies, a large fraction of direct photons are produced
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The right figure shows the regions covered by hadron measurements at RHIC and LHC. In ad-
dition, the regions which are covered by LHCb for measurements of open charm and bottom
(blue) as well as where FoCal can measure neutral pions at small x (red) are highlighted. LHCb
can in principle also measure light hadron production in that range, but no results have been
published to date. Figure 13 demonstrates that the FoCal and LHCb measurements will probe
much smaller x than any of the other existing and possible future measurements, with the Fo-
Cal reaching to the smallest x ever measurable until the possible advent of the LHeC [10] or
FCC [11].

The saturation scale, which is indicated in Fig. 13, is obtained using Eq. 1, with the normal-
ization obtained by setting its value to about 1.7 GeV/c for A = 1 at x = 10�4 [70]. At high
enough parton density or consequently small enough x, non-linear QCD evolution is expected
to play a role, in particular near the saturation scale. A smooth, not abrupt, transition is ex-
pected from the linear to the non-linear region as a function of x, and the absolute magnitude
of Qs is theoretically not well established. Hence, both LHCb and FoCal collaborations strive
to extend the planned photon measurements to even lower pT and and lower Q. Since these are
challenging measurements, the corresponding regions are indicated as darker (FoCal) and open
(LHCb) trapezoids in the left panel of Fig. 13. For FoCal, the main challenges at very low pT
are the large background of decay photons, as well as the increasing contribution from fragmen-
tation photons (as discussed in Sec. 5). Members of the LHCb collaboration are attempting to
base their measurements of photons at lower pT on photons that convert to an electron-positron
pair in the detector material [71, 72]. This approach would provide a clean sample of photons,
however suffers from a rather small efficiency and relative large photon conversion uncertainty.
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2.1.2 Probing the gluon density with isolated photons

Prompt photons provide a direct access to the parton kinematics, since they couple to quarks,
and unlike hadrons are not affected by final state effects. At leading order (LO), the photon is
produced directly at the parton interaction vertex without fragmentation, as shown in the left
panel of Fig. 6. The dominant photon production process is the quark-gluon Compton pro-
cess (Fig. 6a), followed by quark-anti-quark annihilation (Fig. 6b), contributing mostly at large
x. In next-to-leading order (NLO) or even higher order processes, photons may also be produced
by bremsstrahlung or fragmentation of one of the outgoing partons, Figs 6c and d. Both involve
the non-perturbative parton-to-photon fragmentation distributions which are only partly known
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Fig. 40: Relative uncertainty bands on the nuclear modification of the gluon PDF, based on the current
experimental data (red line, EPS99 [13]) and after including the projected FoCal direct photon measure-
ment (grey band), for Q = 2 GeV and Q = 10 GeV. The integrated luminosity corresponds to 50 nb�1

p–Pb collisions.

to the energy scale uncertainty. At lower pT, the uncertainties increase, due to the systematic
uncertainty on the subtracted background, consisting of uncertainties on the p0 reconstruction
efficiency and yield determination, and the energy scale uncertainty, which are expected to be
about 5% of the background yield. The resulting uncertainty on the direct photon yields reach
about 20% at 4 GeV/c. Some of the systematic uncertainties in pp and p–Pb collisions are ex-
pected to cancel in the ratio, when calculating the RpPb. Nevertheless, we have currently simply
quadratically added the uncertainties, to be conservative. The resulting performance is illustrated
in the right panel of Fig. 39, which includes the current EPPS16 and nNNPDF1.0 (68% CL) un-
certainties for comparison. The statistical uncertainties in the nuclear modification factor will
be dominated by those of the pp reference run. However, as mentioned in the previous section,
already a few inverse picobarn, which can be collected in a short run, will provide a reference
sample with statistical uncertainties of at most a few per cent at pT = 20 GeV/c.

5.3 Impact of direct photon performance on gluon PDF

To illustrate the impact of the FoCal measurements on the nuclear PDFs, Fig. 40 shows the
effect of including a forward photon measurement from FoCal in the EPPS parameterisation of
the nuclear PDF for gluons. This was done with a preliminary version of the EPPS16 nuclear
PDFs, labeled EPPS99 in the figure. The red dashed line represents the current uncertainty,
which goes from close to 0 to about 2 times the central value, while the grey band shows the
uncertainty after including the projected FoCal measurement above 4 GeV/c, assuming that the
measured central value agrees with the central value from the EPPS nuclear PDFs. Including the
FoCal data in the fit, reduces the uncertainty by about a factor 2 at x down to 10�5. A similar
reduction of uncertainty is expected for x > 10�4 from the forward upgrades of the upcoming
cold nuclear RHIC program [101].

As discussed in Sec. 2.1, the estimated uncertainties also reflect to some extent the flexibility
of the parametrisations used for the nuclear modification of the PDFs. The impact of the direct

Impact of direct photons CERN-LHCC-2020-009
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after reweighting
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Fig. 41: The nuclear modification of the gluon distribution for large nuclei versus x at Q2 = 10 GeV2/c2.
(Left) Comparison (for x > 10�4) between the Au nNNPDF1.0 parameterization and the fits where “low
energy” and “high energy” EIC pseudo-data were added [32]. (Right) Comparison (for x> 10�6) between
the Pb nNNPDF1.0 parameterization and fits to the FoCal pseudo-data (red band) and “high energy” EIC
pseudo-data (green band) [100]. In both panels, 90% confidence-level uncertainty bands are drawn, and
the nuclear PDFs are normalized by the proton NNPDF3.1.

photon measurements on the nuclear PDFs depends on the data used to constrain the different
PDFs, and the underlying assumptions used to constrain the parameterisations in regions were
no data exists. Since no data is available to constrain the nuclear PDFs at x < 0.001, the un-
certainties before the new data are available are difficult to estimate and may currently be larger
than assumed. To illustrate the combined performance of future measurements, the expected
uncertainties of the gluon PDFs for the nNNPDF fit (see Fig. 2) using either pseudo-data for the
EIC [32] or the FoCal above 4 GeV/c (from Fig. 39) are computed, and are presented in Fig. 41.
For the FoCal data, the statistical and systematic uncertainties are combined into a point-by-point
uncertainty and an additional 5% normalisation uncertainty that is fully correlated point-to-point
is included. As expected, the higher-energy option of the EIC will constrain the gluon PDF for
x down to about 5 · 10�3, while the FoCal would lead to significantly improved uncertainties
even significantly below 10�4. Clearly, the FoCal measurements will probe much smaller x than
the existing and possible future EIC measurements, and lead to high precision results due to the
excellent direct photon performance.

5.4 Comparison to the expected photon performance of LHCb

As mentioned in Sec. 2.1.4, the LHCb collaboration expects to be able to measure isolated
photons, in pp and p–Pb collisions in Run-3 and 4. The performance for isolated photons in
Run-2 was only recently reported in Ref. [102].

The LHCb electromagnetic calorimeter (ECAL) covers 1.9 < h < 4.5, with a relatively coarse
granulatity; the smallest towers in the innermost parts of the calorimeter correspond to |Dh | ⇡
0.1 [1]. Hence, photons from p0 decays are not fully resolved, and the showers start to overlap

Comparison to EIC CERN-LHCC-2020-009
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[10,50] are also shown. In order to compare the spectral
shapes in the two different collision systems at the same
energy, the results in p-Pb collisions are scaled by the
atomic mass number of the lead nucleus. For Λþ

c baryons
the spectral shape in p-Pb collisions is slightly harder than
in pp collisions, while for D0 mesons the spectral shapes
are fully consistent within uncertainties.
Figure 1 (right) shows the baryon-to-meson ratio Λþ

c =D0

measured in pp collisions at
ffiffiffi
s

p
¼ 5.02 TeV as a function

of pT compared to theoretical predictions. The uncertainty
on the luminosity cancels in the ratio. The Λþ

c =D0 ratio is
measured to be 0.4–0.5 at low pT and decreases to around
0.2 at high pT . The previous results at

ffiffiffi
s

p
¼ 7 TeV hinted

at a decrease of the Λþ
c =D0 ratio with pT , although the

precision was not enough to confirm this [11]. The results
in pp collisions at

ffiffiffi
s

p
¼ 5.02 TeV, with much higher

precision than
ffiffiffi
s

p
¼ 7 TeV results, show a clear decrease

with increasing pT . The strong pT dependence of the
Λþ
c =D0 ratio is in contrast to the ratios of strange and

nonstrange D mesons in pp collisions at
ffiffiffi
s

p
¼ 5.02 TeV

and
ffiffiffi
s

p
¼ 7 TeV [10,51] and in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV [50], which do not show a significant pT
dependence within uncertainties and thus indicate that
there are no large differences between fragmentation
functions of charm quarks to charm mesons. The result
presented here instead provides strong indications that the
fragmentation functions of baryons and mesons differ
significantly.
The measured Λþ

c =D0 ratios in pp collisions are
compared to predictions from several Monte Carlo gen-
erators and models in which different hadronization proc-
esses are implemented. The PYTHIA 8 predictions include

the Monash tune [12] and a tune that implements color
reconnection beyond the leading-color approximation,
corresponding to CR Mode 2 as defined in [13].
Hadronization in PYTHIA is built on the Lund string
fragmentation model [52,53], where quarks and gluons
connected by color strings fragment into hadrons, and color
reconnection allows for partons created in the collision to
interact via color strings. The latter tune introduces new
color reconnection topologies beyond the leading-color
approximation, including “junctions” that fragment into
baryons, leading to increased baryon production. As a
technical point, the PYTHIA 8 simulations are generated with
all soft QCD processes switched on [48]. The PYTHIA 8

Monash tune and HERWIG 7.2 [15] predictions are driven by
the fragmentation fraction fðc → Λþ

c Þ implemented in
these generators, which all suggest a relatively constant
Λþ
c =D0 ratio versus pT of about 0.1, significantly under-

estimating the data at low pT. At high pT , the data approach
the predictions from these generators, although the meas-
urement in 8 < pT < 12 GeV=c is still underestimated
by about a factor of 2. A significant enhancement of the
Λþ
c =D0 ratio is seen with color reconnection beyond the

leading-color approximation (PYTHIA 8 CR Mode 2). This
prediction is consistent with the measured Λþ

c =D0 ratio in
pp collisions, also reproducing the downward pT trend.
The statistical hadronization model (“SH model” in the
legend) [19] uses either an underlying charm-baryon
spectrum taken from the Particle Data Group, or includes
additional excited charm baryons that have not yet been
observed but are predicted by the RQM. These additional
states decay strongly to Λþ
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the prompt Λþ

c spectrum. The RQM predictions include a
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FIG. 1. Left: Prompt Λþ
c andD0 pT-differential cross section in pp collisions and in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The results
in p-Pb collisions are scaled with the atomic mass number A of the Pb nucleus. Right: The Λþ

c =D0 ratio as a function of pT measured in
pp collisions at

ffiffiffi
s

p
¼ 5.02 TeV compared with theoretical predictions (see text for details). Statistical uncertainties are shown as

vertical bars, while systematic uncertainties are shown as boxes, and the bin widths are shown as horizontal bars.

PHYSICAL REVIEW LETTERS 127, 202301 (2021)

202301-4

• Decrease with pT

→ suggests difference for meson and baryon formation


• Larger than for e+e- and ep measurements                                   
→ suggest additional mechanisms in hadron-hadron 

     collisions

ALICE, Phys. Rev. Lett. 127 (2021) 202301

colour reconnection beyond the 

leading-colour approximation 

=

statistical hadronisation model 

+ decaying excited states=
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|y| < 0.5

• Energy loss of parton by medium-induced gluon radiation

• Energy loss of (pre-)hadron via 


absorption and rescattering (small)

• Partonic and hadronic processes: different signature 

                 using variety of nuclei probe space-time evolution 

                 of hadron formation
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

Hard exclusive meson production

Hard scale=large Q2

γ, ρ
,ω

,ϕ

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-

16

Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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�
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I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Transverse Momentum Distributions – 3D!
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gluons!
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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down to xB=10-4 at HERA/EIC

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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down to xB=10-4 at HERA/EIC down to xB=10-6 at LHC!

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.

y

xp

x
z

bΤ

Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.

Rapidity
range Nexc

J=ψ , N
diss
J=ψ

dσexcJ=ψ=dy,
dσdissJ=ψ=dy (μb) kdn=dk Wγp (GeV) hWγpi (GeV)

σðγ þ p → J=ψ þ pÞ (nb),
σðγ þ p → J=ψ þ pð#ÞÞ (nb)

(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dy
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¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,
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ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14,69], at
forward, mid, and backward rapidity, covering the energy
range 21 < Wγp < 952 GeV.
In this analysis, a χ2 fit of a power-law function,

NðWγp=W0Þδ, is performed to the two ALICE datasets atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 and
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
uncertainties, Nexc

J=ψ and Ndiss
J=ψ , the photon flux, and the range and the mean of Wγp are also presented.
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(2.5, 4) 1180& 84 8.13& 0.58& 0.43 209& 4 (27, 57) 39.9 39.0& 2.8& 2.2
1515& 83 10.43& 0.57& 1.39 50.0& 2.7& 6.7

(3.25, 4) 564& 53 7.16& 0.67& 0.48 220& 4 (27, 39) 32.8 32.51& 3.0& 2.3
733& 52 9.31& 0.66& 1.28 42.3& 3.0& 5.9

(2.5, 3.25) 629& 54 9.21& 0.80& 0.51 197& 4 (39, 57) 47.7 46.8& 4.1& 2.8
768& 55 11.26& 0.80& 1.53 57.2& 4.1& 7.8

FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼
NJ=ψ

ðA × ϵÞJ=ψ × ð1þ fDÞ × L × ϵveto × BR × Δy
; ð4Þ

where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
The cross section dσ=dyðpþ Pb → pð#Þ þ Pbþ J=ψÞ is

related to the γp cross section σðγ þ p → J=ψ þ pð#ÞÞ
through the photon flux dn=dk,

dσ
dy

ðpþ Pb → pð#Þ þ Pbþ J=ψÞ

¼ k
dn
dk

σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.
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Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
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p ¼ 5.02 TeV [14,69], at
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σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
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uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
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FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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where NJ=ψ is the number of reconstructed exclusive or
dissociative J=ψ in the dimuon decay channel, ðA × ϵÞJ=ψ
is the corresponding factor of acceptance times
reconstruction efficiency in the rapidity interval studied,
and BR ¼ ð5.961& 0.033Þ% is the branching ratio for the
decay into a muon pair [60].
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through the photon flux dn=dk,
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σðγ þ p → J=ψ þ pð#ÞÞ: ð5Þ

Here, k is the photon energy, which is determined by the
J=ψ mass and rapidity, k ¼ ð1=2ÞMJ=ψ exp ð−yÞ. The
photon flux is calculated using STARlight in impact
parameter space and convoluted with the probability of
no hadronic interaction. The average photon flux values for
the different rapidity intervals are listed in Table III,
together with the extracted cross sections σðγ þ p →
J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ and the correspond-
ing hWγpi. The latter is computed as the average of Wγp

weighted by the cross section σðγpÞ from STARlight.

1. Exclusive J=ψ photoproduction

Figure 6 shows the exclusive J=ψ photoproduction cross
section σðγ þ p → J=ψ þ pÞ reported in Table III as a
function of Wγp, covering the range 27 < Wγp < 57 GeV.
Comparisons with previous measurements and with several
theoretical models are also shown.

Measurements at low Wγp were performed by fixed
target experiments, such as those reported by the E401 [66],
E516 [67], and E687 [68] Collaborations. Recently, mea-
surements were performed near threshold by the GlueX
Collaboration [72] and by the E12-16-007 experiment [73]
which are not shown in Fig. 6 since they fall outside of the
power-law applicability discussed below.
The cross sections are also compared with previous

ALICE results in p-Pb at
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p ¼ 8.16 and
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p ¼ 5.02 TeV together, with W0 ¼
90.0 GeV, as done in HERA analyses [38–40] and for

TABLE III. Rapidity differential cross sections dσexcJ=ψ=dy and dσdissJ=ψ=dy and the corresponding cross sections
σðγ þ p → J=ψ þ pÞ and σðγ þ p → J=ψ þ pð#ÞÞ for exclusive and dissociative J=ψ photoproduction off protons in
p-Pb UPCs at
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p ¼ 8.16 TeV for each rapidity range. The first uncertainty is the statistical one and the second
uncertainty is the systematic one. The numbers of events obtained from signal extraction with their statistical
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FIG. 6. Exclusive J=ψ photoproduction cross section off
protons measured as a function of the center-of-mass energy
of the photon-proton system Wγp by ALICE in p-Pb UPCs and
compared with previous measurements [14,38–40,43–45,66–69]
and with next-to-leading-order JMRT [70,71] and CCT [37]
models. The power-law fit to the ALICE data is also shown. The
uncertainties of the data points are the quadratic sum of the
statistical and systematic uncertainties.
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Fig. 31. DVCS photon acceptance in the backward (green), barrel (blue), and forward
(gray) ECAL’s, as a function of pseudorapidity. The red dotted line shows the
distribution of (generated) DVCS photons.

B0 detector was encoded in the simulation, allowing for accurate mod-
eling of the geometric acceptance directly in the Fun4All simulation.
However, the Roman Pot beam pipe cutout was not included in the
Fun4All software. Hits in the B0 were therefore selected directly, based
on which layers were hit first per event. Geometric cuts of ±5 cm in x

(detector horizontal plane) and ±1 cm in y (detector horizontal plane)
were applied to the center of both Roman Pots in the analysis of the
Fun4All output, to remove events which would have otherwise been
lost down the beam pipe into the beam dump. For the results shown
here, the analysis used ‘‘truth’’ momentum values, as currently there
was no reconstruction of momentum from the far forward detectors. For
each hit in the B0 detector planes or Roman Pots, the Geant4 particle
ID was used to select the detected protons. To simulate the expected
level of response of the detector, the ‘‘truth’’ momentum of the detected
protons was smeared by 1%. For these studies, position resolution
effects were not studied and the proton directions were kept intact.
This smearing level was selected as it is consistent with the proposed
detector technology, AC-LGAD, and its expected segmentation.

4.4.2. Results
The results shown here present the acceptances of ep-DVCS pho-

tons and protons, which enabled us to assess the accessible *t range
with the ECCE detector, required for nucleon imaging purposes. The
uncertainties shown in this study are only statistical for 10 fb*1 in-
tegrated luminosity. The resulting projected differential cross-section
measurements are also given. In the case of ep-DVCS, the *t variable
can be calculated using two different methods. The first one is based
solely on reconstruction from e

® + �, while the second corresponds to
the more standard definition, which is t = (p * p

®)2. During the study,
both methods gave comparable results. We chose to complete the study
with the latter method because the former is subject to significant
radiation correction which is poorly understood at the current stage
(larger uncertainty at certain kinematics regions).

Simulation of the current detector configuration exhibits good per-
formance for photon detection. Fig. 31 presents the acceptance as a
function of ⌘ of the real photon for the highest beam setup of 18 ù 275.
The acceptance is defined as the ratio of reconstructed photons in
the calorimeters to the number of generated photons in the MILOU3D
generator.

Contrary to the photon acceptance, which exhibits similar behavior
from the lowest to the highest beam configurations (the minimum
energy of DVCS photons must be much higher than the detection
limit of the calorimeters), in the proton case the acceptance is very
sensitive to the beam energies. The recoil proton acceptances of the
B0 spectrometer and Roman Pots for different energy configurations as
a function of the momentum transfer to the proton t = (p * p

®)2, for

Fig. 32. Acceptance for DVCS protons as a function of *t in the far-forward detectors
for different beam energy configurations. The inserts show the *t distributions of
generated events.

Fig. 33. Projected DVCS differential cross-section measurements as a function of the
momentum transfer *t for different bins in Q

2 and x
B
. The assumed integrated

luminosity is 10 fb*1 for each beam energy configuration.

each energy configuration studied, are shown in Fig. 32. The resulting
*t acceptance is shown to be very wide, continuous, and extends to
low-t. Such a wide coverage is essential for the precision extraction of
the transverse position distributions of quarks and gluons inside the
nucleon. It is also worth noting, that for the highest beam setup, the
minimal *t value is limited by the beam size and the mandatory gap
between Roman Pots and the beam.

The full exploration of nucleon GPDs will require multi-dimensional
measurements of the ep-DVCS differential cross-section in Q

2, x
B
, t

and the azimuthal angle � between the lepton and hadron planes in
the initial hadron rest frame. Fig. 33 shows the projected precision
and coverage of ep-DVCS differential cross-section measurements for
several beam energy configurations and in multi-dimensional bins of
Q

2, x
B
and t, whilst due to the aforementioned MILOU3D limitation

the � dependence is integrated. The uncertainties of the differential
cross-section are based on the expected integrated luminosity of L = 10
fb*1.

4.4.3. Summary
To summarize, our study shows that the ECCE detector is suit-

able to deliver a wide Q
2 and x

B
coverage for the ep-DVCS process
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Fig. 78: Left: x-Q2 plane to be explored in proton-nucleus at the LHC and the FCC, and in proposed
electron-nucleus colliders, compared with the regions where the experimental data presently used in the
EPPS16 analysis [786] lie. Right: x-Q2 plane to be explored in UPCs, taken from [587].

uncertainties in the applicability of collinear factorisation, scale choices and other theoretical caveats
for nPDFs extraction in hadronic collisions and UPCs, these are the only experimental collision sys-
tems where the nPDFs can be constrained before electron-ion colliders become available. The most
up to date analyses include between 1000 and 2000 data points for 14 nuclei and are performed at
next-to-leading accuracy [786–788], there even exists a first attempt at next-to-next-to-leading [789].
Differences between them mainly arise from the different sets of data included in the analysis and from
the different functional forms employed for the initial conditions. All in all, all parton species are very
weakly constrained at small x < 10�2, gluons at large x > 0.2, and the flavour decomposition is largely
unknown - a natural fact for u and d due to the approximate isospin symmetry in nuclei. The impact of
presently available LHC data, studied in [786], is quite modest with some constrains on the gluon in the
region 0.01 < x < 0.3. On the other hand, theoretical predictions for nuclear shadowing of quark and
gluon PDFs based on s-channel unitarity and diffractive nucleon PDFs are available down to x ⇠ 10�4

–10�5 [790, 791].
In the context of phenomena beyond collinear factorisation and PDF evolution in ln(Q2), there

have been recent claims [792, 793] that resummation of logarithms of x may be required for a better
description of DIS data from HERA at small x, and searches for long range azimuthal correlations are
undergoing [794]. But no conclusive evidence of saturation, i.e., of non-linear dynamics, has been found
in hadronic collisions. While the CGC provides a calculational framework for several observables in
pp, p–A and A–A, see e.g. the reviews [795, 796], like the ridge, back-to-back hadron correlations in
the forward region, multiplicities and transverse momentum distributions,. . . , there is no consensus in
the field in the interpretation of these results, or they involve non-perturbative modeling, or they are
affected by large theoretical uncertainties and, for some of them, higher-order calculations are missing,
or the data lie at the border of phase space where extracting clear conclusions is very delicate. Therefore,
high-energy p–A collisions and UPCs are two promising systems where data can offer clear evidences
of non-linear effects.

In Fig. 78, the kinematic regions covered by proton-nucleus collisions at the LHC and the FCC (the
left panel, [411]) and UPCs at the LHC (right) are shown and compared with the regions where data cur-
rently used to constrain nPDFs lie. A huge enlargement is evident with respect to the presently existing
data at the LHC. The HL-LHC offers new improved detectors and larger statistics for some observables
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First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
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Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
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, 0) ,

e
(0) = (e(0)0 , e

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
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, (17)
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which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Polarisation and angles

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

parton-spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)

E(x, ⇠, t)H(x, ⇠, t)

• for spin-1/2 hadron:

4

lo

lo

\ q

e
e

lepton

N N
*

lo

/
+

a

/

e

Nz

xy

+

/

/ï

ï

q

Z
Y X

scattering plane

 decay plane

 production plane

Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

e
(0) = (e(0)0 , e

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
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�V ��

⌘ T�V
1
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2��� 1
2
, (17)

U
(1)
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1
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2��� 1
2
, (18)

which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and

T
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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Polarisation and angles

H̃T (x, ⇠, t)

HT (x, ⇠, t)

Four parton helicity-flip twist-2 GPDs

ẼT (x, ⇠, t)

ET (x, ⇠, t)

proton helicity flipproton helicity non flip

Four parton helicity-conserving twist-2 GPDs

parton-spin independent

parton-spin dependentH̃(x, ⇠, t) Ẽ(x, ⇠, t)

E(x, ⇠, t)H(x, ⇠, t)

• for spin-1/2 hadron:
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Fig. 1. Definition of angles in the process eN ! e⇢0N !
e⇡+⇡�N . Here, � is the angle between the ⇢0 production
plane and the lepton scattering plane in the CM system of
virtual photon and target nucleon. The variables ✓ and � are
respectively the polar and azimuthal angles of the decay ⇡+

in the ⇢0-meson rest frame, with the z axis being anti-parallel
to the outgoing nucleon momentum. The XZ and xz planes
both contain the �⇤ and ⇢0 three-momenta.

2.2 Definition of angles and coordinate systems

The angles used for the description of the process are
defined in the same way as in Ref. [16], according to
Ref. [29], and are presented in Fig. 1. According to Ref. [4],
the right-handed “hadronic CM system” of coordinates
XY Z of virtual photon and target nucleon is defined such
that the Z-axis is aligned along the virtual-photon three-
momentum q and the Y -axis is parallel to q⇥v, where v
is the ⇢0-meson three-momentum. The angle � is the an-
gle between the ⇢0-meson production plane (XZ plane,
which coincides with the nucleon scattering plane) and
the lepton scattering plane in the CM system. The an-
gles ✓ and � are defined in the right-handed xyz system
of coordinates (see Fig. 1) that represents the ⇢0-meson
rest frame. The y axis coincides with the Y axis. The
angle ✓ is the polar angle of the decay ⇡

+-meson three-
momentum with respect to the z axis, where the latter is
aligned opposite to the direction of the momentum of the
outgoing nucleon. The azimuthal angle of the ⇡+ momen-
tum with respect to the ⇢0-meson production plane in the
CM system is denoted �. In the HERMES experiment,
the vector P T of the target polarization is orthogonal
to the beam direction. The angle between the directions
of the transverse part (with respect to the beam) of the
scattered electron momentum and P T is denoted by  

and is defined in the target rest frame.

2.3 Natural and unnatural-parity-exchange helicity
amplitudes

The helicity amplitudes F�V �0
N���N

describing exclusive
⇢
0-meson production by the virtual photon are here de-

fined in the hadronic CM system [4]. These helicity am-

plitudes can be expressed as scalar products of the matrix
element of the electromagnetic current vector J and the

virtual-photon polarization vector e
(��)
 :

F�V �0
N���N

= (�1)�� hv�V p
0
�
0
N |J


|p�N ie

(��)
 , (9)

where a summation over the Lorentz index  is performed.

Here, e(±1)
 and e

(0)
 indicate transverse and longitudinal

polarization of the virtual photon in the CM system, re-
spectively:

e
(±1) = (e(±1)

0 , e
(±1)
X , e

(±1)
Y , e

(±1)
Z ) = (0,⌥

1
p
2
,�

i
p
2
, 0) ,

e
(0) = (e(0)0 , e

(0)
X , e

(0)
Y , e

(0)
Z ) =

1

Q
(qZ , 0, 0, q0), (10)

where q0 and qZ are the energy and the Z component
of the three-momentum of the virtual photon in the CM
system given by

q0 =
M⌫ �Q

2

W
, qZ =

M

p
⌫2 +Q2

W
. (11)

The ket vector |p�N i corresponds to the initial nucleon
and the bra vector hv�V p

0
�
0
N | represents the final state

consisting of a ⇢0 meson and the scattered nucleon.
Any helicity amplitude F�V �0

N���N
can be decom-

posed into the sum of an amplitude T�V �0
N���N

for natu-
ral-parity exchange (NPE) and an amplitude U�V �0

N���N

for unnatural-parity exchange (UPE) [4–6]:

F�V �0
N���N

= T�V �0
N���N

+ U�V �0
N���N

, (12)

where the NPE and UPE amplitudes are defined as

T�V �0
N���N

=
1

2
[F�V �0

N���N
+ (�1)�N��0

NF�V ��0
N����N

], (13)

U�V �0
N���N

=
1

2
[F�V �0

N���N
� (�1)�N��0

NF�V ��0
N����N

]. (14)

These amplitudes by their definition obey the symmetry
relations

T�V �0
N���N

= (�1)�
0
N��NT�V ��0

N����N
, (15)

U�V �0
N���N

= �(�1)�
0
N��NU�V ��0

N����N
. (16)

Equations (15) and (16) permit the introduction of the
following abbreviated notations for the amplitudes:

T
(1)
�V ��

⌘ T�V
1
2��

1
2
= T�V � 1

2��� 1
2
, (17)

U
(1)
�V ��

⌘ U�V
1
2��

1
2
= �U�V � 1

2��� 1
2
, (18)

which are diagonal with respect to the nucleon helicity
(�N = �

0
N ), and

T
(2)
�V ��

⌘ T�V
1
2��� 1

2
= �T�V � 1

2��
1
2
, (19)

U
(2)
�V ��

⌘ U�V
1
2��� 1

2
= U�V � 1

2��
1
2

(20)
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-

HERMES, Eur. Phys. J. C 77 (2017) 378

Exclusive  on transversely polarised pρ
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Exclusive production of -meson pair in UPCs: 

probe different types of GPDs and access to variety of hard scales.


 (R. Boussarie et al. JHEP 02 (2017) 054, JHEP 10 (2018) 029 )
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Diffractive measurements on nuclei
→ probe gluon saturation 

→ nuclear imaging in position space:

59

Measuring t-distribution à Full ePIC simulations
From K. Tu @ DIS 2023: 
https://indico.cern.ch/event/1199314/contributions/518
9840/attachments/2621029/4531556/ePIC-exclusive-
slides-Tu-v3.pdf
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Figure 5.6: The distribution in generated and reconstructed �t, with the reconstructed �t being the squared sum of the transverse momenta of
the scattered beam lepton and of the lepton pair originating from J/ decay, in di↵ractive production o↵ gold nuclei. The panel on the left-hand
side illustrates the influence of the quality of the scattered-lepton reconstruction on the determination of �t, as studied by ePIC. The panel on the
right-hand side shows the level of suppression of incoherent production (see text), as studied by ATHENA. Figs. taken from Ref. [430] and from
the supplementary material provided in the evaluation process of [32], respectively.

The spatial distribution of partons in impact-parameter space is related to a Fourier transformation, with t going from1984

0 to infinity [432]. Experimentally, one is limited by a maximal momentum transfer, which preferably extends as far as1985

possible. In practice, studies have shown that it is necessary to resolve the minima up to the third one for the evaluation of1986

the spatial distribution [2]. This dictates the needed level of suppression of the incoherent contribution. The suppression1987

of incoherent events includes the requirement of exactly three reconstructed lepton tracks with the correct charge in1988

absence of any other signal in the main detector and various criteria corresponding to the absence of signal in a series1989

of far-forward detectors, which can tag protons (Roman Pots for protons with energy close to the beam energy and the1990

B0 spectrometer and o↵-momentum detectors for nuclear-breakup protons), neutrons (Zero-Degree Calorimeters) and1991

photons (B0 and Zero-Degree Calorimeters). The capability to suppress incoherent production is illustrated in Fig. 5.6,1992

right, which shows the �t distribution for coherent and incoherent production o↵ gold nuclei. The former is again1993

simulated using Sartre, while for the latter the BeAGLE generator [433] is used. The generated coherent (incoherent)1994

contribution is represented by the continuous (dotted) line. The generated data are passed through a full simulation of the1995

ATHENA detector. The e↵ect of data selection requirements on the event activity in the main detector and on the absence1996

of activity in the far-forward detectors, based on the studies in Ref. [431], is represented by the blue, open circles. As can1997

been seen, the obtained distribution lies close to the distribution from coherent events simulated by Sartre. The remaining1998

contribution from incoherent events is given by the red, star symbols. The largest suppression of the incoherent process1999

comes from the requirement on the absence of any neutron signal in the Zero-Degree Calorimeter, while the requirement2000

on the absence of photon signals in this Zero-Degree Calorimeter also has an impact. Ways to further improve the2001

reconstruction of t and the suppression of incoherent production are at present under investigation.2002

The study of light nuclei can o↵er additional insights into the inner internal structure of the nuclear medium. In2003

contrast to Contrary to measurements with heavy nuclei, the total final state in incoherent di↵ractive production o↵ light2004

nuclei can be unambiguously identified through tagging of the spectator nucleons. Such measurements are of interest2005

when studying the short-range correlation (SRC) of a nucleon pair, which is the temporal fluctuation of two nucleons2006

into a strongly interacting pair in close proximity and large measured relative momentum [434, 435]. SRC pairs are2007

suggested as a possible explanation for the nuclear modification of the momentum distribution of high-x partons, known2008

as the EMC e↵ect, with a strong correlation between the two phenomena suggested by measurements by the CLAS2009

experiment at Je↵erson Lab [436] and a quark-level QCD basis for SRC has been proposed for the lightest nuclei [437]2010

and A � 4 nuclei [438].2011

The simplest nuclear system consists of deuteron and the first measurement of incoherent di↵ractive production with2012

67

EIC
ALICE, Phys. Lett. B 817 (2021) 136280

First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/ψ off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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Inclusive photoproduction at the LHC
Dijets in PbPb collisionsPhoto-nuclear processes

•Two processes: 
– Left: “direct” - photon enters hard scattering 
– Right: “resolved” - photon virtually splits into 

partons/hadron, which scatters 
•Use Zero Degree Calorimeters (ZDCs) to select 
Pb+Pb 0nXn events 

•+gap requirements to select photo-production 3
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Figure 15: Triple-di�erential cross-sections, d3�
dHTdxAdz�

, as a function of HT for di�erent bins of xA for events with
emitted photon energies in the kinematic range 0.008 < z� < 0.015. In the upper panel, systematic uncertainties are
shown as shaded boxes, while statistical uncertainties shown as vertical lines are usually smaller than the size of
the markers. A theoretical comparison is shown to cross-sections computed using P����� 8 with nCTEQ PDFs, a
photon flux from S��������, and a z�-dependent breakup fraction, as derived in Appendix A. The bottom panels
show the ratio between the theory prediction and data for several bins of xA. The grey bands in the ratio panels are
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Inclusive photoproduction at the LHC
Dijets in PbPb collisionsPhoto-nuclear processes

•Two processes: 
– Left: “direct” - photon enters hard scattering 
– Right: “resolved” - photon virtually splits into 

partons/hadron, which scatters 
•Use Zero Degree Calorimeters (ZDCs) to select 
Pb+Pb 0nXn events 

•+gap requirements to select photo-production 3

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
gap

No rapidity 
gap

“0n”

“Xn”

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Rapidity

-y

+y
x

x

0n

Xn

ZDC

direct photon

Quarkonia in pPb collisions

Inclusive and exclusive photoproduction of quarkonium

Measuring exclusive quarkonium photoproduction does not say anything about the
conventional COM

Measuring inclusive quarkonium photoproduction presents the opportunity to
understand the production mechanism

Q

Pb

p

Q

Pb

p

Photoproduction processes are in general simpler than hadroproduction, however,
resolved-photon interactions introduce the photon PDF direct and resolved photons

It is possible to select a kinematic region (in terms of W�p and
z = Pp · P /Pp · P�) where the resolved-photon contribution is minimised [later]

K. Lynch (IJCLab & UCD) Inclusive UPC January 9, 2024 5 / 23

Investigation of quarkonium production mechanism,

gluon distribution


cf. study by K. Lynch, 

see e.g. Quarkonia as Tools 2024

https://indico.cern.ch/event/1324160/contributions/5706251/attachments/2777507/4840956/KateLynch_QaT-v0.pdf
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TMD PDFs at the LHC and EIC

generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large

p
s. As such, care should be taken when using its predictions when

p
s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.

gluon polarisation
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U circular linear

U f g
1 h?g

1

L gg
1 h?g

1L

T f?g
1T gg

1T hg
1, h?g
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Table 1: Gluon TMD PDFs at twist 2. U, L, T describe unpolarised, longitudinally polarised and transversely-polarised nucleons.
U, ‘circular’, ‘linear’ stand for unpolarised, circularly polarised and linearly-polarised gluons. Functions in blue (h?g

1 , gg
1T ) are

T -even. Functions in black ( f g
1 , gg

1) are T -even and survive integration over the parton kT . Functions in red (h?g
1L , f ?g

1T ,hg
1, h?g

1T ) are
T -odd.

As is the case for quark TMDs, gluon TMDs contain information on the initial- and/or final-state QCD
interactions of the incoming hadron. Di↵erent types of gluon TMDs exist, distinguished by the precise struc-
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TMD PDFs at the LHC and EIC

generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
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large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
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• J/ψ-pair production gives via its #!-spectrum 
and modulations access to the gluon TMDs 
Lansberg et al. 2018, Scarpa et al. 2020

• Probe the transverse momentum of 
the partonic gluons via the observed 
quarkonia: !!" + !#" = $"

• The invariant mass %$$ allows to 
study scale evolution of the TMDs

• Make use of CS-model in which TMD-
factorization breaking effects are 
avoided (@ LO &%&)  

• No TMDShF / smearing effects are 
expected for CS quarkonium at LO

• There are recent measurements of 
this process LHCb 2023

J. 

J/ψ-pair production at LHC to study gluon TMD 
distributions: pushing the limits of the CS

evolution formalism

14/12/2023
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generating the spin asymmetries. CT3 predictions go further with a deeper connection to the QCD proper-
ties but are based on collinear considerations where the transverse-momentum e↵ect are integrated over in
higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large

p
s. As such, care should be taken when using its predictions when

p
s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
unpolarised and the linearly-polarised gluon TMDs, f g

1 and h?g
1 . In Section 4.6, we address the complex

issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.
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higher-twist correlators. HE factorisation, only applied to unpolarised collisions so far, is first designed to
treat new e↵ects at large
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s. As such, care should be taken when using its predictions when
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s is not very

large, in particular for systems or conditions where TMD factorisation is a priori not applicable. Indeed, the
latter, while being probably the most inclusive in terms of phenomena generated by the kT of the partons, is
also the most restrictive in terms of applicability owing to its ambition to be the most rigorous.

The purpose of this section is to outline the recent progress regarding quarkonium production in pro-
cesses where the transverse-momentum-dependent gluon e↵ects enter, and how the HL-LHC can contribute
to this emerging research domain.

The TMD factorisation framework is briefly introduced in Section 4.1, followed by a discussion in
Section 4.2 on several specificities and open issues related to the treatment of quarkonium production, while
HE factorisation is treated in Sections 4.3 and 4.4. Section 4.5 focuses on various-quarkonium production
processes in unpolarised pp collisions within the TMD factorisation framework, with a special focus on the
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issue of factorisation-breaking e↵ects or, more generally, e↵ects beyond TMD and HE factorisations, and
discuss some easily measurable processes where they can be studied. Finally, in Section 4.7, collisions with
polarised nucleons are considered; these become measurable at the HL-LHC with a polarised target in the
FT mode, allowing one to measure STSAs in quarkonium production to probe e.g. the gluon Sivers e↵ect
accounted for by the TMD and CT3 factorisations and the GPM.

4.1. TMD factorisation in the gluon sector

In the last few years, the field of TMDs has taken a large leap forward. Both the theoretical framework [444–
450] and the phenomenological analyses (see e.g. [451–459]) have developed, including new, higher-order
perturbative calculations (see e.g. [460–466]). This progress, however, has been made mainly in the quark
sector, with the gluon sector lagging behind due to the di�culty in cleanly probing gluons in high-energy
processes.

Gluon TMDs at the leading twist, first analysed and classified in [467], are shown in Table 1, in terms of
both the polarisation of the gluon itself and of its parent hadron. The distribution of unpolarised gluons in-
side an unpolarised hadron, f g

1 , and of circularly polarised gluons inside a longitudinally polarised hadron,
gg

1, correspond (i.e. are matched at large kT through an operator product expansion) to the well-known
collinear unpolarised and helicity gluon PDFs respectively. The distribution of linearly-polarised gluons in
an unpolarised parton, h?g

1 , is particularly interesting, since it gives rise to spin e↵ects even in collisions
of unpolarised hadrons, like at the LHC. The Sivers function, f?g

1T , which encodes the distribution of unpo-
larised gluons in a transversely-polarised nucleon, has a very important role in the description of STSAs.
There is a classification analogous to Table 1 for quark TMDs, and also for both quark and gluon TMD
FFs, which are as relevant as TMD distributions for processes which are sensitive to the role of transverse
dynamics of partons in the fragmentation process.
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Power corrections:
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NLP TMD factorization is done!
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(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections
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TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



22

Power corrections:
(many works during last year)

I I.Stewart, A.Gao, et al,

I S.Rodini, AV, et al,

I I.Balitsky, et al,

I ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS
(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections

Y -term

2. ⇤/Q & M/Q-corrections
higher-twist
target-mass

3. kT /Q-corrections
kinematic

[AV,2307.13054]

LHC

EIC

TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



22

Power corrections:
(many works during last year)

I I.Stewart, A.Gao, et al,

I S.Rodini, AV, et al,

I I.Balitsky, et al,

I ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS
(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections

Y -term

2. ⇤/Q & M/Q-corrections
higher-twist
target-mass

3. kT /Q-corrections
kinematic

[AV,2307.13054]

LHC

EIC

TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



22

Power corrections:
(many works during last year)

I I.Stewart, A.Gao, et al,

I S.Rodini, AV, et al,

I I.Balitsky, et al,

I ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS
(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections

Y -term

2. ⇤/Q & M/Q-corrections
higher-twist
target-mass

3. kT /Q-corrections
kinematic

[AV,2307.13054]

LHC

EIC

TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



22

Power corrections:
(many works during last year)

I I.Stewart, A.Gao, et al,

I S.Rodini, AV, et al,

I I.Balitsky, et al,

I ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS
(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections

Y -term

2. ⇤/Q & M/Q-corrections
higher-twist
target-mass

3. kT /Q-corrections
kinematic

[AV,2307.13054]

LHC

EIC

TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

LHC

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



22

Power corrections:
(many works during last year)

I I.Stewart, A.Gao, et al,

I S.Rodini, AV, et al,

I I.Balitsky, et al,

I ...

NLP TMD factorization is done!
e.g. [2306.09495] for SIDIS
(it is much more compli-

cated than one expected)

Power corrections:
1. qT /Q-corrections

Y -term

2. ⇤/Q & M/Q-corrections
higher-twist
target-mass

3. kT /Q-corrections
kinematic

[AV,2307.13054]

LHC

EIC

TMD factorization at NLP

I 4 TMDFFs, 16 TMDPDFs of twist-3

I NLP restoration of frame-invariance, gauge invariance, boost invariance

I NLO expression for coe�cient functions

I LO evolution for twist-3 TMDs

I Qiu-Sterman-like terms in TMD factorization

Alexey Vladimirov TMD December 14, 2023 13 / 21

Various power corrections:

• higher-twist ( ) corrections

• target-mass corrections

• qT/Q corrections

• kT/Q corrections

Λ/Q

LHC

EIC

Power corrections at the LHC and EIC

q T
=

0.2
5Q

A. Vladimirov, arXiv 2307.13054

Fig. adapted from A. Vladimirov



LHCb, a single-arm forward spectrometer perfectly suited 
for fixed target collisions

LHC beam

optimised for studying particles containing c- and b-quarks

2 < η < 5Forward acceptance:
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IJMPA	30	(2015)	1530022

Tracking	system	momentum	resolution	
Δp/p	=	0.5%–1.0%	(5	GeV/c	–	100	GeV/c)

LHCb upgrade 2019-2020 
Collision rate at 40 MHz 
Pile-up factor μ ≈ 5 
Remove L0 triggers (software trigger)  
Read out the full detector at 40 MHz 
Replace the entire tracking system

Internal side view

storage cell
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375 mm
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7 SMOG2 gas feed system

The SMOG apparatus is equipped with a gas feed system, shown in Fig. 2, which allows to
injects gas into the VELO vessel, Fig. 5. This system has only one feed line (used for di↵erent
noble gases), and cannot provide accurate determination of the injected gas flow rate Q.

For SMOG2 a new GFS, schematically shown in Fig. 36, has been designed. This system
includes an additional feed line directly into the cell center via a capillary, Fig. 29. The amount
of gas injected can be accurately measured in order to precisely compute the target densities
from the cell geometry and temperature.

Beyond the constraints requested by LHC and LHCb, the scheme shown in Fig. 36 is a well
established system, operated by the proponents in previous experiments [32, 33].

7.1 Overview

The system consists of four assembly groups, Fig. 36.

Figure 36: The four assembly groups of the SMOG2 Gas Feed System: (i) GFS Main Table, (ii) Gas
Supply with reservoirs, (iii) Pumping Station (PS) for the GFS, and (iv) Feed Lines. The pressure gauges
are labelled AG1 (Absolute Gauge 1), AG2 (Absolute Gauge 2). The two dosing valves are labelled
DVS (Dosing Valve for Stable pressure in the injection volume) and DVC (Dosing Valve for setting the
Conductance). The Feeding Connections include the feeding into the VELO vessel and into the storage
cell. The corresponding valves are labelled CV (Cell Valve), VV (VELO Valve) and SV (Safety Valve). A
Full Range Gauge (FRG) monitors the pressure upstream of the last valves for feeding into the vessel
(VV) and into the Cell (VC). A RGA with restriction and PS will be employed to analyze the composition
of the injected gas (see Sect. 6.4).

(i) GFS Main Table: Table which hosts the main components for the injection of calibrated
gas flow (volumes, gauges, and electro–pneumatic valves), to be located on the balcony at
the P8 cavern;
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Unique kinematical region

At the LHC fixed target pp, pp , pA, Pb-p, Pb-p  or Pb-A collisions, one has unique 
kinematic conditions at the poorly explored energy of √s ~ 100 GeV

7
In addition the exotic region at x>1 can be accessed (Fermi motion) creating a bridge between QCD and nuclear physics
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Fig. 59: Comparison of PDF4LHC15 with the profiled sets with HL-LHC data in scenarios A and C (see text).
The gluon, down quark, up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central
value of the baseline.

large factor of 5 for the 13 TeV measurements is assumed, correcting for the fact that these are based in
the initial datasets which generally have larger systematic errors in comparison to the 8 TeV case. The
name of the corresponding LHAPDF grid is also indicated in each case.

Table 32: The three scenarios for the systematic uncertainties of the HL-LHC pseudo-data assumed in the present
exercise. These scenarios, ranging from conservative to optimistic, differ among them in the reduction factor fred,
eq. (33), applied to the systematic errors of the reference 8 TeV or 13 TeV measurements. The name of the
corresponding LHAPDF grid is also indicated in each case.

Scenario fred (8 TeV) fred (13 TeV) LHAPDF set Comments

A 0.4 0.2 PDF4LHC_nnlo_hllhc_scen3 Optimistic

B 0.7 0.36 PDF4LHC_nnlo_hllhc_scen2 Intermediate

C 1 0.5 PDF4LHC_nnlo_hllhc_scen1 Conservative

Then in Fig. 59 a comparison of the baseline PDF4LHC15 set is presented with the profiled sets
based on HL-LHC pseudo-data from scenarios A and C in Table 32. Specifically, the gluon, down quark,
up anti-quark, and total strangeness at Q = 10 GeV are shown, normalized to the central value of the
baseline. The predictions of scenarios A and C (optimistic and conservative respectively) are observed
to be reasonably similar. This demonstrates that the results are relatively robust against the projections
of how experimental errors will be reduced in HL-LHC measurements. A marked reduction of PDF
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SMOG2 - the SMOG upgrade for Run 3
• SMOG2 is a dedicated cell (20cm long, 1cm diameter) 

for gas injection installed just before the LHCb VELO
• Smaller cell size allows for increased gas densities 

and therefore higher luminosities with respect to 
SMOG, with a luminosity uncertainty of 1-2%

• Equipped with a sophisticated Gas Feed System that 
allows the injection of more gases: H2, D2, Ar, Kr, 
Xe, He, Ne, N2, O2 all possible!

• Can run in parallel with collider mode pp physics 
data taking at LHCb

17

LHCb-PUB-2018-015 LHCb TDR 20

pp

pAr (SMOG2)
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Kara Mattioli (LLR/CNRS) Synergies between the LHC and the EIC Workshop

SMOG2 performance in Run 3 
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• Excellent  and J/ψ yields from just 
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• With 50 pb-1 of pAr data, we expect   
> 15 million J/ψ candidates!

18 minutes of data taking
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Table 16

Compilation inspired by [1,27] of the relevant parameters for the future or planned polarised DY experiments. The effective polarisation (Peff) is
a beam polarisation (where relevant) or an average polarisation times a (possible) average dilution factor hf i (for a gas target, similar to the one
developed for HERMES [102,299]) or a target polarisation times an average dilution factor hf i (for the targets used by COMPASS and E1039). For the
AFTER@LHCb, AFTER@ALICECB and AFTER@ALICEµ lines, the numbers correspond to a gas target with a storage cell (see Table 11 and Table 12)
and 4 < M`` < 9 GeV (for the x" range). F is the (instantaneous) spin figure of merit of the set-up defined as F = L P

2
eff

P
i Ai , with L being the

instantaneous luminosity. We stress that the values of F between different set-ups should be compared with care as it does not account for isospin
and nuclear effects (via the variation of f for instance) or acceptance effects neither for any energy or kinematical dependences of the DY production
cross section which both alter the measured rates and the uncertainty of the asymmetry measurements. We refer to Section 3.2 for more details.
Experiment Colliding systems Beam energy [GeV]

p
s [GeV] x"

L [cm�2 s�1] Peff F [cm�2 s�1]
AFTER@LHCb: z = 0

pH" 7000 115
0.05 ÷ 0.95

9.2 ⇥ 1032 80% 5.9 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95
AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15

AFTER@LHCb: z = 0
p3He" 7000 115

0.05 ÷ 0.95
1.3 ⇥ 1033 23% 2.1 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95

AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15

AFTER@LHCb: z = 0
pD" 7000 115

0.05 ÷ 0.95
5.6 ⇥ 1032 78% 6.8 ⇥ 1032AFTER@LHCb: z = �0.4 m 0.02 ÷ 0.95

AFTER@LHCb: z = �1.5 m 0.01 ÷ 0.15
AFTER@ALICEµ: z = 0

pH" 7000 115
0.10 ÷ 0.70

2.6 ⇥ 1031 80% 1.7 ⇥ 1031AFTER@ALICEµ: z = �4.7 m 0.08 ÷ 0.35
AFTER@ALICECB: z = �4.7 m 0.40 ÷ 0.95

COMPASS (CERN) [300] ⇡�NH"

3 190 19 0.05 ÷ 0.55 2.0 ⇥ 1032 16% 8.7 ⇥ 1031

⇡� 6LiD 8.2 ⇥ 1032 22% 3.2 ⇥ 1032

PHENIX/STAR (RHIC) [301] p"p" collider 510 0.05 ÷ 0.10 2.0 ⇥ 1032 50% 5.0 ⇥ 1031

E1039 (FNAL) [302] pNH"

3 120 15 0.10 ÷ 0.45 3.9 ⇥ 1034 15% 1.5 ⇥ 1034

E1027 (FNAL) [296] p"H2 120 15 0.35 ÷ 0.90 1.0 ⇥ 1035 60% 7.2 ⇥ 1034

NICA (JINR) [303] p"p collider 26 0.10 ÷ 0.80 1.0 ⇥ 1032 70% 4.9 ⇥ 1031

fsPHENIX (RHIC) [304] p"p" collider 200 0.10 ÷ 0.50 8.0 ⇥ 1031 60% 2.9 ⇥ 1031

fsPHENIX (RHIC) [304] p"p" collider 510 0.05 ÷ 0.60 6.0 ⇥ 1032 50% 1.5 ⇥ 1032

PANDA (GSI) [305] p̄H" 15 5.5 0.20 ÷ 0.40 2.0 ⇥ 1032 20% 8.0 ⇥ 1030

Fig. 31. (a) Two predictions (denoted AD’AM [298] and EIKV [294]) of the DY AN as a function of x" at AFTER@LHC, compared to the projected
precision of the measurement [306]. The bands are filled in the region where the fits use existing SIDIS data, i.e. for x" . 0.3, and hollow where
they are extrapolations. (b) Similar projections for the DY AN as a function of x" in p+3He" collisions at

p
s = 115 GeV [306]. [In both cases, the

bars show the statistical uncertainties for the quoted luminosities accounting for the background subtraction and polarisation-dilution effects].

predictions for DY measurements. In the case of 3He", a polarisation of P = 70% can be achieved [102]. However, the
effective polarisation, Peff, is diluted by a factor of 3 since only the neutron is polarised in the 3He". The projections
for 3He" are prepared based on simulations for pp collisions and applying corrections to account for change in signal and
background yields. The combinatorial background is proportional to the number of binary nucleon–nucleon collisions Ncoll,
thus the background increases by a factor Ncoll ⇡

p
3 compared to pp. An additional isospin factor of 9/6 for DY studies

is included. The available integrated luminosity of 2.5 fb�1 will allow for an exploratory measurement for DY production
and precision study for quarkonium production (see Section 5.2.2).
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Sivers TMD PDF

via Drell-Yan asymmetry
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Figure 1: (a),(b) Simple QED example for process-dependence of the Sivers functions in DIS and

the Drell-Yan process. (c),(d) Same for QCD.

case is “initial-state” and is between the remnant of the transversely polarized “hadron” and the

initial parton from the other, unpolarized, “hadron”. These necessarily have identical charges,

and the interaction is repulsive. As a result, the spin-effect in this case needs to be of opposite

sign as that in DIS.

These simple models are readily generalized to true hadronic scattering in QCD. In DIS, the

final-state interaction is through a gluon exchanged between the 3 and 3̄ states of the struck quark
and the nucleon remnant, which is attractive, as indicated in Fig. 1(c). In the Drell-Yan process,

the interaction is between the 3 and 3 states (or 3̄ and 3̄) and therefore repulsive, as shown in
Fig. 1(d). This is the essence of the – by now widely quoted – result that the Sivers functions

contributing to DIS and to the Drell-Yan process have opposite sign [3, 4, 5, 6]:

fSivers(x, k⊥)
∣∣∣
DY

= −fSivers(x, k⊥)
∣∣∣
DIS

. (1)

In the full gauge theory, the phases generated by the additional (final-state or initial-state) inter-

actions can be summed to all orders into a “gauge-link”, which is a path-ordered exponential of

the gluon field and makes the Sivers functions gauge-invariant. The non-universality of the Sivers

functions is then reflected in a process-dependence of the space-time direction of the gauge-link.

The crucial role played by the gauge link has given rise to intuitive model interpretations of

single-spin asymmetries in terms of spatial deformations of parton distributions in a transversely

polarized nucleon [19]. The process-dependence of the Sivers functions will also manifest itself

in more complicated QCD hard-scattering, albeit in a more intricate way [20]. An example is

the single-spin asymmetry in di-jet angular correlations [21, 22, 23], which is now under inves-

tigation at RHIC [24]. We note that a related initial-state interaction may give rise to azimuthal

angular dependences in the unpolarized Drell-Yan process [25, 26].

The verification of the predicted non-universality of the Sivers functions is an outstanding

challenge in strong-interaction physics. It is most cleanly possible in the Drell-Yan process,

3

DIS: 
“attractive”

D-Y: 
“repulsive”

[fq�
1T ]SIDIS = �[fq�

1T ]DY

process-dependence of Sivers functions 
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f⊥
1T SIDIS

= − f⊥
1T DY
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Summary 
• Vast complementarity between (HL-)LHC and EIC

• Study of the multi-dimensional hadron-structure: 


• EIC provides high precision and polarisation

• LHC covers otherwise unaccessible low-xB regions


• Nuclear matter

• EIC covers large variety of nuclei 


—> valuable input for cold nuclear matter determination and for QGP studies

—> precise study of hadronisation, can help to understand LHC baryon data and QGP studies


• Study of saturation effects

Not an easy task: combined LHC and EIC data highly valuable!


• Originally not planned, but highly welcomed fixed target at the LHC

• covers, as does the EIC, the large-xB region

• improved determination of PDFs in  large-xB region —> improved SM constraints and BSM searches

• transversely polarised would allow to extend the complementarity with EIC and 


      among others, test sign change of T-odd TMD PDFs, such as Sivers TMD PDF.


