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Far-Forward/Backward Detectors

� ECCE ZDC has dimensions of 60cm x 60cm x 162cm for 
the needed acceptance (YR) and consists of PbWO4

crystal, W/Si layer, Pb/Si, and Pb/Scintillator layers
� ECCE ZDC provides detection for photons and neutrons 

(0<ɽф5.5 mrad) with the required performance

Zero Degree Calorimeter 

� This area is designed to measure scattered electrons 
at small, far-backward angles   

� Low Q2-tagger:
o Double-layer AC-LGAD tracker, of 40.5cmx40.5 cm at 

24m and 30cm x 21cm at 37m from IP
o PbWO4 EMCAL (20cm x 2cm2 crystals)

� Luminosity Monitor: 
� AC-LGAD and PbWO4 to provide accuracy of the order 

of 1% or relative luminosity determination exceeding 
10-4 precision.

Far-backward ( electron-going)  region

PWO (8X0)+ 
Tracking

W/Si (22X0)+ 
Tracking

Pb/Si
(2Oi )

Pb/Scintillator 
(5Oi )

1HXWURQ�(QHUJ\�5HVROXWLRQ������¥(������
3KRWRQ�(QHUJ\�5HVROXWLRQ�������¥(���

Neutron detection fraction: 
100% (59% at 5 on 41 GeV) 
Neutron t-resolution: 0.005-
0.007 GeV2 (0.019 GeV2)

Luminosity monitor

low Q2 tagger

+ far backward
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+ far backward

to the steel or tungsten absorber plates. Afterwards the modules will be self-supporting within the outer
support frame. The steel in the LFHCAL serves as flux return for the BaBar magnet, thus a significant force
is exerted on the calorimeter, which needs to be compensated for by the frame and internal support structure.
The achieved energy resolution accoding to the simulations for both calorimeters can be found in Fig. 2.19.
The required resolutions can be met in both cases and further improvements can be expected using machine
learning for the clusterization which proves challenging in this direction. The excellent position resolution
in the FEMC should in addition allow the effective separation of electrons and pions as well neutral pion
decays, as seen in Fig. 2.20. The projected performance meets the physics requirements by the eA diffractive
J/y production and the u-Channel DVCS, as well as meson (pion/kaon) structure function measurements
through the Sullivan process.

2.6 Far-Forward/Far-Backward Detectors

A schematic of the far-forward detectors is shown in Figure 2.23 and include the B0 spectrometer, off-
momentum trackers, Roman Pots and ZDC (see Table 2.6 for position and dimensions). The far-backward
region consists of two detector systems (low-Q2 tagger and luminosity monitor). All far-forward/far-
backward detectors are required for the EIC physics as described in the Yellow Report. The following
describes their setup and performance. For further details, see Ref. [30].

Figure 2.23: The layout of the EIC Far-Forward region.

2.6.1 B0 Detector
The B0 spectrometer is located inside B0pf dipole magnet. Its main use is to measure forward going
hadrons and photons for exclusive reactions. The B0 acceptance is defined by the B0pf magnet. Its design is
challenging due to the two beam pipes (electron and hadron) that it needs to accommodate and the fact that
they are not parallel to each other due to the 0.025 mrad IP6 crossing angle. Moreover, the service access to
the detectors inside of the dipole is only possible from the IP side, where the distance between the beam
pipes is narrowest. Following these limitations the B0 detector require using compact and efficient detection
technologies.

Our design uses four AC-LGAD tracker layers with 30 cm spacing between each layer. They will provide
charged particle detection for 6 < q < 22.5 mrad. The use of AC-LGAD sensors will allow good position

26

+ far forward
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+ far forward

Data acquisition:

- no trigger

  all collision data is digitised 

  with strong zero-suppression at front-end electronics
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Tracking 
• 1.7 T magnet

• Monolithic Active Pixel Sensor 

(MAPS) Silicon vertexing/inner 
tracker


• μRWell/microMegas

• AC-LGAD/TOF

ECCE – EIC Comprehensive Chromodynamics ExperimentECCE Central Detector - Locations
Top level layers R-in [cm] R-out [cm] R-Thickness   
Magnet 140 170 30
EMCal support (instrumented) 134 140 6
EMCal Readout (near eta=0) 125.5 134 8.5
EMCal Glass 80 125.5 45.5
EMCal Inner support 79.5 80 0.5
muRwell (plane type) 77 79.5 2.5
Outer Frame 74.5 77 2.5
DIRC (10bar * 12 sector) 71.5 76.6 5.1
Inner Frame 65 71.5 6.5
AC LGAD ToF tracker 63 65 2
(Not used, low mass BdL) 51 60 9
Inner tracker 3 51 48

Top level layers z_min [cm] z_max [cm] max radius [cm] dZ [cm]  
Backward field return -410 -300 267 110
Backward EMCal -235 -175 64 60
Backward TOF/Tracker -171 -161 64 10
mRICH -161 -135 64 26
Backward MPGD -130 -120 64 10
Backward Silicon tracker -120 -30 90
Vertex tracker -30 30 60
Forward Silicon tracker 30 150 120
Forward AC LGAD Tof/Tracker 156 180 80 25
dRICH 180 280 195 100
Forward MPGD 281 291 180 10
Forward Calorimeters 328 500 267 172

 

Tracking Particle ID

EM Calorimeters HCALs

Space vacated by 
MPGDs may be used for 
PID detectors or ECAL -
future optimizations

4
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Tracking

9/23/2022 2022 Hot/Cold QCD Town Hall 9

First “PITS3” assembly at CERN

Si Tracker based on ALICE ITS3 
65nm MAPS sensors. 

Five layers in barrel, 
supplemented by MPGDs for 
pattern recognition. 

Five discs in forward/backward 
directions (+MPGD in forward)

Meets EICUG Yellow Report design 
requirements. 

Tracking resolution
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EM CAL 
• Electron-endcap EM cal (EEMC): 

high-precision PbWO4+SiPMs

• Barrel EM cal (BEMC): 


SciGlass/Imaging EM cal

• Forward EM cal (FEMC): 


Finely segmented W-SciFi
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• Inner+outer HCAL:               
steel+Sci: control shower leakage 
(inner) and detection of neutrals


• FHCAL: finally segmented 
steel+tungsten+Sci for good          
energy resolution  

HCAL
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mRICH -161 -135 64 26
Backward MPGD -130 -120 64 10
Backward Silicon tracker -120 -30 90
Vertex tracker -30 30 60
Forward Silicon tracker 30 150 120
Forward AC LGAD Tof/Tracker 156 180 80 25
dRICH 180 280 195 100
Forward MPGD 281 291 180 10
Forward Calorimeters 328 500 267 172
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PID 
• Cherenkov detectors:           
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   ~ p < 0.5 – 3 GeV/c
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Physics with EIC
Nucleon spin

kT

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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Nucleon multi-dimensional structure

x
B
f
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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ration is a universal phenomenon, valid both
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we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
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Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
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Search for gluon saturation

Hadronisation

Hadron mass

Proton: Mass ~ 940 MeV
preliminary LQCD results on mass budget, 

or view as mass acquisition by DCSB 
Kaon: Mass ~ 490 MeV

at a given scale,  less gluons than in pion
Pion: Mass ~ 140 MeV

mass enigma ± gluons vs Goldstone boson

³MaVV ZiWhoXW maVV!´

{

The light quarks acquire (most of) their 
masses as effect of the gluon cloud.
The strange quark is at the boundary -
both emergent-mass and Higgs-mass 
generation mechanisms are important.

4

Emergent mass of 
the visible universe

The incomplete Hadron: Mass Puzzle

ĺ aOVR Vee WaONV b\ CUaLg RRbeUWV, Jianwei Qiu, «

quarks

 9 MeV

938 MeV

hadron



Input Data (ep) - Detailed simulation work to 
optimise resolutions throughout 
phase-space 
à 5 bins per decade in x and Q2

- Kinematic coverage: Q2 > 1 GeV2, 
0.01 < y < 0.95, W > 3 GeV

- Lower y accessible in principle,
but easier to rely on overlaps 
between data at different "

- Highest x bin centre at x=0.815

- CC data also included for 
highest "
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Kinematic coverage for DIS
ATHENA

6
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Kinematic coverage

EIC

Input Data (ep) - Detailed simulation work to 
optimise resolutions throughout 
phase-space 
à 5 bins per decade in x and Q2

- Kinematic coverage: Q2 > 1 GeV2, 
0.01 < y < 0.95, W > 3 GeV

- Lower y accessible in principle,
but easier to rely on overlaps 
between data at different "

- Highest x bin centre at x=0.815

- CC data also included for 
highest "

[Poster by S Maple]
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LHC, pp di-jets at
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Quarkonium production (at the EIC)
→ Access to production mechanism of quarkonia, which is not yet understood

• Usual assumption: factorisation between QQ formation and QQ hadronisation

• Different approaches for hadronisation: colour-evaporation model, colour-singlet model, non-relativistic QCD (NRQCD)

QUARKONIA PRODUCTION MECHANISMS

• Production mechanisms:
• Color Singlet (CS): 

quantum numbers of QQ pair and quarkonium match

• Color Octet (CO):  
quantum numbers of QQ pair in CO state are different from   
quarkonium; soft gluons emitted at later stage of hadronization

QUARKONIA PRODUCTION MECHANISMS

• Production mechanisms:
• Color Singlet (CS): 

quantum numbers of QQ pair and quarkonium match

• Color Octet (CO):  
quantum numbers of QQ pair in CO state are different from   
quarkonium; soft gluons emitted at later stage of hadronization

QUARKONIA PRODUCTION MECHANISMS

• Production mechanisms:
• Color Singlet (CS): 

quantum numbers of QQ pair and quarkonium match

• Color Octet (CO):  
quantum numbers of QQ pair in CO state are different from   
quarkonium; soft gluons emitted at later stage of hadronizationNRQCD

xPz

Pz
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xPz
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→ Access to gluon distributions
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Inclusive J/ѱ production xPz

PzNon-prompt J/y production in proton–proton collisions ALICE Collaboration
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Figure 4: The d2s
dydpT

of prompt J/y measured by the ALICE collaboration in pp collisions at
p

s = 13 TeV (left
panel) and

p
s = 5.02 TeV (right panel). The error bars (boxes) represent the statistical (systematic) uncertainty.

The results at
p

s = 5.02 TeV are compared with similar measurements from CMS [36] and ATLAS [35] at high
pT. Uncertainties due to the luminosity are not included in the boxes, except in the case of ATLAS. The results are
compared with calculations from NLO NRQCD [10, 11, 15], NRQCD+CGC [72], and from ICEM [73]. Bottom
panels show the ratios of the models to ALICE results. The uncertainty bands represent the relative uncertainty
from each model whereas the points centered around unity refer to relative statistical and systematic uncertainties
on ALICE data points.

factorisation and renormalisation scales, µF and µR, are estimated by varying them independently in the
ranges 0.5 < µF/mT < 2 and 0.5 < µR/mT < 2, with the constraint 0.5 < µF/µR < 2 and mt =

q
p2

T +m2
b.

The beauty-quark mass was varied within 4.5 < mb < 5.0 GeV/c2. The uncertainties of the parton
distribution functions are included as well in the total uncertainty. The ratios of the model predictions
to the ALICE data are shown in the bottom panels at both energies. The relative uncertainties of the
FONLL calculations are shown by the shaded band, while the data points around unity show the relative
statistical and systematic uncertainties of the cross sections measured by the ALICE collaboration. Most
of the ALICE data points at

p
s = 5.02 and 13 TeV sit in the middle or upper regions of the corresponding

FONLL uncertainty band, thus experimental results and theoretical calculations are compatible, albeit
the theoretical uncertainties are significantly larger than the experimental ones, especially at low pT.

The pT-differential cross section of prompt J/y , obtained based on the inclusive cross section and the
fB measurements, is shown in Fig. 4 for both collision energies. A comparison of the 5.02 TeV mea-
surement with the available measurements from ATLAS [35] and CMS [36] at midrapidity at the same
energy shows consistency in the common pT range. These measurements are also compared with the-
oretical calculations performed for both energies using a few NRQCD based models and the improved
CEM model. In particular, the ratios of different models to ALICE measurements, with the correspond-
ing relative uncertainties from each model, are shown in the bottom panels of Fig. 4. The NRQCD
calculations by Ma et al. [11] and Butenschoen et al. [10] are performed at NLO using collinear fac-
torisation while the calculations by Ma and Venugopalan [72] are leading order NRQCD calculations
combined with a resummation of soft gluons within the Color-Glass Condensate (CGC) model. The
two NLO calculations use different long distance matrix elements (LDME), obtained by fitting different
charmonium measurements and in different kinematic intervals which leads to different pT intervals of
applicability. In addition, the calculations from Ref. [10] do not consider the contribution from decays of

10

ALICE, JHEP 03 (2022) 190



9

Inclusive J/ѱ production xPz

Pz
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Figure 4.1: The lepton, photon and parton distribution in an unpolarized electron at µ2 = 3 GeV2, 102 GeV2, and 106 GeV2 are presented as a
function of the longitudinal momentum fraction ⇠ [155]. The upper (lower) figures represent LDFs with (without) the mixing of QED and QCD
evolution.
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Figure 4.2: PT -distribution of inclusive J/ production cross section in electron-proton (left) and electron-Gold (right) collisions in the electron-
hadron frame without tagging the scattered electron, computed by using the new factorization formalism in Eq. (4.5) [155]. The solid black line
(overlap with the dashed orange line) is for total contribution, which is dominated by the subprocess: � + g ! [cc̄] + g (NLP Photon) with the cc
pair fragmenting to J/ , while others represent contributions from other subprocesses, see the text for details.

of finding a photon from the colliding lepton, is very large at a large factorization scale, which confirms the critical1094

importance of photo-production of J/ or other light hadrons at a lepton-hadron collider, such as HERA and the EIC.1095

Instead of imposing a low transverse momentum cut on the scattered lepton to identify the resolved photon, as what was1096
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Figure 4: The d2s
dydpT

of prompt J/y measured by the ALICE collaboration in pp collisions at
p

s = 13 TeV (left
panel) and

p
s = 5.02 TeV (right panel). The error bars (boxes) represent the statistical (systematic) uncertainty.

The results at
p

s = 5.02 TeV are compared with similar measurements from CMS [36] and ATLAS [35] at high
pT. Uncertainties due to the luminosity are not included in the boxes, except in the case of ATLAS. The results are
compared with calculations from NLO NRQCD [10, 11, 15], NRQCD+CGC [72], and from ICEM [73]. Bottom
panels show the ratios of the models to ALICE results. The uncertainty bands represent the relative uncertainty
from each model whereas the points centered around unity refer to relative statistical and systematic uncertainties
on ALICE data points.

factorisation and renormalisation scales, µF and µR, are estimated by varying them independently in the
ranges 0.5 < µF/mT < 2 and 0.5 < µR/mT < 2, with the constraint 0.5 < µF/µR < 2 and mt =

q
p2

T +m2
b.

The beauty-quark mass was varied within 4.5 < mb < 5.0 GeV/c2. The uncertainties of the parton
distribution functions are included as well in the total uncertainty. The ratios of the model predictions
to the ALICE data are shown in the bottom panels at both energies. The relative uncertainties of the
FONLL calculations are shown by the shaded band, while the data points around unity show the relative
statistical and systematic uncertainties of the cross sections measured by the ALICE collaboration. Most
of the ALICE data points at

p
s = 5.02 and 13 TeV sit in the middle or upper regions of the corresponding

FONLL uncertainty band, thus experimental results and theoretical calculations are compatible, albeit
the theoretical uncertainties are significantly larger than the experimental ones, especially at low pT.

The pT-differential cross section of prompt J/y , obtained based on the inclusive cross section and the
fB measurements, is shown in Fig. 4 for both collision energies. A comparison of the 5.02 TeV mea-
surement with the available measurements from ATLAS [35] and CMS [36] at midrapidity at the same
energy shows consistency in the common pT range. These measurements are also compared with the-
oretical calculations performed for both energies using a few NRQCD based models and the improved
CEM model. In particular, the ratios of different models to ALICE measurements, with the correspond-
ing relative uncertainties from each model, are shown in the bottom panels of Fig. 4. The NRQCD
calculations by Ma et al. [11] and Butenschoen et al. [10] are performed at NLO using collinear fac-
torisation while the calculations by Ma and Venugopalan [72] are leading order NRQCD calculations
combined with a resummation of soft gluons within the Color-Glass Condensate (CGC) model. The
two NLO calculations use different long distance matrix elements (LDME), obtained by fitting different
charmonium measurements and in different kinematic intervals which leads to different pT intervals of
applicability. In addition, the calculations from Ref. [10] do not consider the contribution from decays of
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The dominant systematic uncertainty is due to limited
knowledge of the c-tagging efficiency, which is measured
in pTðjÞ intervals using data in Ref. [45] and briefly
summarized here. Scale factors that correct for discrepan-
cies between data and simulation are determined using a
tag-and-probe approach on a dijet calibration sample. A
stringent requirement is applied to the tag jet which
enriches the probe-jet sample in charm content. The DV-
tagged c-jet yield in the probe sample is obtained in the
same way the Zc yield is determined in this analysis,
namely by fitting the mcorðDVÞ and NtrkðDVÞ distributions
for DV-tagged probe jets. The total number of c jets in
the probe sample is obtained by fully reconstructing the
D0 → K−πþ and Dþ → K−πþπþ decays, obtaining the
prompt-charm yields by fitting the D -meson mass and
impact-parameter distributions, then correcting these yields
for the detector response, decay branching fractions [65],
and c-hadron fragmentation fractions [66]. The c-tagging
efficiency is the ratio of the DV-tagged and total c-jet
probe-sample yields. The scale factors that correct the
c-tagging efficiency in simulation are determined to be
1.03$ 0.06, 1.01$ 0.08, and 1.09$ 0.17 in the 20–30,
30–50, and 50–100 GeV pTðjÞ intervals, respectively, with
corresponding c-tagging efficiencies of ð23.9$ 1.4Þ%,
ð24.4$ 1.9Þ%, and ð23.6$ 4.1Þ%. These uncertainties,
which include all statistical and systematic contributions,
are propagated to theRc

j results producing 6%–7% relative
uncertainties in each yðZÞ interval.
Other sources of smaller systematic uncertainty are also

considered. First, variations of the mcorðDVÞ and NtrkðDVÞ

templates are studied, which arise from using different
strategies to model the backgrounds in the highly enriched
calibration data samples. However, the shifts observed in
the Zc yields largely cancel with the corresponding shifts
seen in εðc-tagÞ. The residual differences of 3%–4% in
each yðZÞ interval are assigned as systematic uncertainties.
The ratio of the jet-reconstruction efficiency for c and
inclusive jets is consistent with unity in all kinematic
intervals in simulation, with a 1% systematic uncertainty
assigned due to the limited sample sizes. Finally, the
statistical precision of the back-to-back Zj sample used
to determine the pTðjÞ scale and resolution is propagated
through the unfolding procedure resulting in a 1% relative
systematic uncertainty on Rc

j . The systematic uncertainties
are summarized in Table II.
Figure 5 shows the measuredRc

j distribution in intervals
of yðZÞ; the numerical results are provided in Table III, and
additional results are reported in Supplemental Material
[43]. The measured Rc

j values are compared to NLO
SM calculations [29] based on Refs. [67–73], which are
validated against additional predictions [70,71,74,75] and
updated here to use more recent PDFs [38,39,42,76,77].
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FIG. 4. The detector-response matrix for c-tagged jets. The
shading represents the interval-to-interval migration probabilities
ranging from (white) 0 to (black) 1. Numerical labels are only
shown for values greater than 1%. Jets with true (reconstructed)
pTðjÞ in the 20–100 GeV region but for which the reconstructed
(true) pTðjÞ is either below 15 GeV or above 100 GeV are
included in the unfolding but not shown graphically.

TABLE II. Relative systematic uncertainties on Rc
j , where

ranges indicate that the value depends on the yðZÞ intervals.

Source Relative uncertainty

c tagging 6%–7%
DV-fit templates 3%–4%
Jet reconstruction 1%
Jet pT scale and resolution 1%

Total 8%

2 2.5 3 3.5 4 4.50

0.02

0.04

0.06

0.08

0.1

FIG. 5. Measured Rc
j distribution (gray bands) for three

intervals of forward Z rapidity, compared to NLO SM predictions
[29] without IC [42], with the charm PDF shape allowed to vary
(hence, permitting IC) [39,76], and with IC as predicted by BHPS
with a mean momentum fraction of 1% [38]. The predictions are
offset in each interval to improve visibility.

PHYSICAL REVIEW LETTERS 128, 082001 (2022)

082001-4

Study of Z Bosons Produced in Association with Charm in the Forward Region
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Events containing a Z boson and a charm jet are studied for the first time in the forward region of proton-
proton collisions. The data sample used corresponds to an integrated luminosity of 6 fb−1 collected at a
center-of-mass energy of 13 TeV with the LHCb detector. In events with a Z boson and a jet, the fraction of
charm jets is determined in intervals of Z-boson rapidity in the range 2.0 < yðZÞ < 4.5. A sizable
enhancement is observed in the forwardmost yðZÞ interval, which could be indicative of a valencelike
intrinsic-charm component in the proton wave function.

DOI: 10.1103/PhysRevLett.128.082001

The possibility that the proton wave function may contain
a juudcc̄i component, referred to as intrinsic charm (IC), in
addition to the charm content that arises due to perturbative
gluon radiation, i.e., g → cc̄ splitting, has been debated for
decades (for a recent review, see Ref. [1]). The light front
QCD calculations of Refs. [2,3], referred to as the Brodsky-
Hoyer-Peterson-Sakai (BHPS) model, predict that nonper-
turbative IC manifests as valencelike charm content in the
parton distribution functions (PDFs) of the proton; whereas,
if the c-quark content is entirely perturbative in nature, the
charm PDF resembles that of the gluon and sharply
decreases at large momentum fractions x. (Charge conju-
gation is implied throughout this Letter, e.g., charm refers to
both the c and c̄ quarks.) Understanding the role that
nonperturbative dynamics play inside the nucleon is a
fundamental goal of nuclear physics [4–15]. Furthermore,
the existence of IC would have many phenomenological
consequences. For example, IC would alter both the rate and
kinematics of c hadrons produced by cosmic-ray proton
interactions in the atmosphere, which are an important
source of background in studies of astrophysical neutrinos
[16–21]. The cross sections of many processes at the LHC
and other accelerators would also be affected [22–32].
Measurements of c-hadron production in deep inelastic

scattering [33] and in fixed-target experiments [34], where
the typical momentum transfers were Q≲ 10 GeV (natural
units are used throughout this Letter), have been interpreted
both as evidence for [35,36] and against [37] the percent-
level IC content predicted by BHPS. Even though such

experiments are in principle sensitive to valencelike
c-quark content, interpreting these low-Q data is challeng-
ing since it requires careful theoretical treatment of non-
perturbative hadronic and nuclear effects. Recent global
PDF analyses, which also include measurements from
the LHC, are inconclusive and can only exclude IC
carrying more than a few percent of the momentum of
the proton [38,39].
Reference [29] proposed probing IC by studying events

containing a Z boson and a charm jet Zc in the forward
region of proton-proton (pp) collisions at the LHC. The
ratio of production cross sections Rc

j ≡ σðZcÞ=σðZjÞ,
where Zj refers to events containing a Z boson and any
type of jet, was chosen because it is less sensitive than
σðZcÞ to experimental and theoretical uncertainties. Since
Zc production is inherently at large Q, above the electro-
weak scale, hadronic effects are small. A leading-order Zc
production mechanism is gc → Zc scattering (see Fig. 1),
where in the forward region one of the initial partons must
have large x, hence Zc production probes the valencelike
region (Fig. S4 of Supplemental Material shows the x
regions probed). Using next-to-leading-order (NLO) stan-
dard model (SM) calculations, Fig. 2 illustrates that a
percent-level valencelike IC contribution would produce a
clear enhancement inRc

j for large (more forward) values of
Z rapidity, yðZÞ; whereas only small effects are expected in
the central region where all previous measurements of Rc

j

were made [40,41].

FIG. 1. Leading-order Feynman diagrams for gc → Zc
production.
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Our determination of intrinsic charm can be compared to theoreti-
cal expectations. Subsequent to the original intrinsic charm model of 
ref. 1 (BHPS model), a variety of other models were proposed5,35–38 (see  
ref. 2 for a review). Irrespective of their specific details, most models 

predict a valence-like structure at large x with a maximum located 
between x ≃ 0.2 and x ≃ 0.5, and a vanishing intrinsic component for 
x ≲ 0.1. In Fig. 1 (right), we compare our result to the original BHPS 
model and to the more recent meson/baryon cloud model of ref. 5.
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Fig. 2 | Intrinsic charm and Z + charm production at LHCb. Top left, the 
LHCb measurements of Z-boson production in association with charm-tagged 
jets, j

cR , at s = 13 TeV, compared with our default prediction, which includes 
an intrinsic charm component, as well as with a variant in which we impose  
the vanishing of the intrinsic charm component. The thicker (thinner) bands  
in the LHCb data indicate the statistical (total) uncertainty, while the theory 
predictions include both PDFU and MHOU. Top right, the correlation 
coefficient between the charm PDF at Q = 100 GeV in NNPDF4.0 and the LHCb 
measurements of R j

c for the three yZ bins. The dotted horizonal line indicates 

the maximum possible correlation. Centre, the charm PDF in the 4FNS (right) 
and the intrinsic (3FNS) charm PDF (left) before and after inclusion of the LHCb 
Z + charm (c) data. Results are shown for both experimental correlation models 
discussed in the text. Bottom left, the intrinsic charm PDF before and after 
inclusion of the EMC charm structure function data. Bottom right, the 
statistical significance of the intrinsic charm PDF in our baseline analysis, 
compared to the results obtained also including the LHCb Z + charm (with 
uncorrelated systematics) or the EMC structure function data, or both. The 
dotted horizontal line indicates the 3σ threshold.
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Intrinsic charm at the EIC The future EIC could also o↵er the possibility to test whether any non-perturbative charm1277

quark content in the proton exist. Recent studies show that the EIC will be capable of precision studies of intrinsic charm1278

as well as gluon distributions functions in the nucleus as in the nucleon [211].1279

The associated production of a J/ and a charmed particle is also a potential probe of intrinsic charm related e↵ects.1280

A leading order VFNS, first developed in [95] for quarkonium hadro-production, has been extended in [51] to the case of1281

J/ photo-production. Such scheme allows to properly merge di↵erent partonic contributions, namely �+g! J/ +c+ c̄1282

and � + {c, c̄} ! J/ + {c, c̄}, respectively calculated in a 3 and 4 flavour scheme, by accounting for a counter term that1283

avoids double counting. When the charm tagging e�ciency "c is taken into account, the corresponding VFNS cross1284

section is given by:1285

d�VFNS = d�3FS
h
1 � (1 � "c)2

i
+
⇣
d�4FS � d�CT

⌘
"c. (4.9)

Based on such computation, the J/ +charm yield has been calculated for two di↵erent EIC configuration: psep =1286

45(140) GeV, taking into account a 10% charm tagging e�ciency [212]. The calculation has been done adopting the1287

CT14NNLO PDF set [213], which includes di↵erent eigensets with some IC e↵ects: a "sea-like" (in green in the follow-1288

ing) and a "valence-like" (in red), also called "BHPS", and a central eigenset with no IC e↵ects, to which we refer as "no1289

IC" (in blue).1290
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Figure 4.5: Predictions for the J/ +charm yield at the future EIC at psep = 45 GeV (left) and psep = 140 GeV (right). The solid bands indicate
the mass uncertainty while the patterns display the scale uncertainty. Figure taken from Ref. [51].

Fig. 4.5 shows the result for the J/ +charm yield at the future EIC. First, we note that at psep = 45 GeV (left panel1291

in Fig. 4.5 the yield is limited to low PT values even with the largest integrated luminosity. Nonetheless, it is clearly1292

observable if "c = 0.1 with O(500, 50, 5) events for L = (100, 10, 1) fb�1. On the other hand, at psep = 140 GeV1293

(Fig. 4.5, right panel), the PT range is up to 10 GeV, and we expect O(103) events at L = 100 fb�1. Such events could be1294

observed by measuring a charmed jet. Finally, note that as the valence region at high x is not probed, no clear IC e↵ect is1295

visible at psep = 140 GeV, while at psep = 45 GeV, we observe a measurable e↵ect, where the BHPS valence-like peak1296

is visible with an enhancement as large as 4 � 5 times the "no IC" yield. The future EIC at psep = 45 GeV will thus be1297

the place to probe the non-perturbative charm content of the proton with associated J/ +charm production.1298

4.2. Di↵ractive nucleon PDFs1299

Remark (by JPL): assigned to Bill1300

EIC o↵ers an unique opportunities to simultaneously access both nucleon PDFs (gluon density within the nucleon)1301

and nuclear PDF (nPDFs) through di↵ractive quarkonium production. Like stated in Sec.3, heavy quarks has relatively1302
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Figure 4.6: cos(2�h) asymmetry in e + p ! e + J/ + X process as function of Ph? at
p

s = 140 GeV and z = 0.7. Left plot: asymmetry
obtained by integrating over xBj 2 [0.005 : 0.009] and y 2 [0.3 : 0.95]; right plot: asymmetry obtained at fixed Q2 = 20 GeV2, integrated over
xBj 2 [0.001 : 0.009] with corresponding y range determined from y = Q2/(sxBj). The curves are obtained using a Gaussian parameterisation
for the TMDs [221] as well as McLerran-Venugopalan (MV) model [222] in small-x region. Two sets of LDMEs are used: CMSWZ [223] and
BK [224].

and comparable xB, but di↵erent values of z). Despite the large uncertainties in these TMD results (the uncertainty1433

bands reflect the uncertainty in the nonperturbative Sudakov factor), it is clear that within these uncertainties it allows1434

for significantly (by as much as an order of magnitude) larger asymmetries than in Figs. 4.6 that are made using a1435

Generalized Parton Model approach with additional gluon radiation. Asymmetries between the 1% to 20% level may1436

thus be expected at the EIC, which means that its measurement seems feasible and that further constraints on the LDMEs,1437

and more generally on the TMD shape functions, can be obtained in this way.1438

Figure 4.7: Estimates for the cos 2�T asymmetry in J/ production as a function of Ph? for three di↵erent LDME sets (central values) and including
the uncertainties from the nonperturbative Sudakov factor.

4.5. Polarised-nucleon TMDs1439

4.5.1. Gluon Sivers1440

Measurement of transverse single spin asymmetry (TSSA) of J/ at relatively low PT provides access to the gluon TMDs1441

in a nucleon, and specifically gluon Sivers function. We present a feasibility study for measurement of TSSA quantified1442

by the AN coe�cient, which is the amplitude of the azimuthal modulation of cross section of produced particles with1443

49
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Figure 4.6: cos(2�h) asymmetry in e + p ! e + J/ + X process as function of Ph? at
p

s = 140 GeV and z = 0.7. Left plot: asymmetry
obtained by integrating over xBj 2 [0.005 : 0.009] and y 2 [0.3 : 0.95]; right plot: asymmetry obtained at fixed Q2 = 20 GeV2, integrated over
xBj 2 [0.001 : 0.009] with corresponding y range determined from y = Q2/(sxBj). The curves are obtained using a Gaussian parameterisation
for the TMDs [221] as well as McLerran-Venugopalan (MV) model [222] in small-x region. Two sets of LDMEs are used: CMSWZ [223] and
BK [224].

and comparable xB, but di↵erent values of z). Despite the large uncertainties in these TMD results (the uncertainty1433

bands reflect the uncertainty in the nonperturbative Sudakov factor), it is clear that within these uncertainties it allows1434

for significantly (by as much as an order of magnitude) larger asymmetries than in Figs. 4.6 that are made using a1435

Generalized Parton Model approach with additional gluon radiation. Asymmetries between the 1% to 20% level may1436

thus be expected at the EIC, which means that its measurement seems feasible and that further constraints on the LDMEs,1437

and more generally on the TMD shape functions, can be obtained in this way.1438

Figure 4.7: Estimates for the cos 2�T asymmetry in J/ production as a function of Ph? for three di↵erent LDME sets (central values) and including
the uncertainties from the nonperturbative Sudakov factor.

4.5. Polarised-nucleon TMDs1439

4.5.1. Gluon Sivers1440

Measurement of transverse single spin asymmetry (TSSA) of J/ at relatively low PT provides access to the gluon TMDs1441

in a nucleon, and specifically gluon Sivers function. We present a feasibility study for measurement of TSSA quantified1442

by the AN coe�cient, which is the amplitude of the azimuthal modulation of cross section of produced particles with1443
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In fact, hcos(2, 4�CS)i represent half the relative magnitude of the corresponding �CS-asymmetries in Eq. (2)
with respect to the azimuthally-independent part, and thus they are directly connected to h?g
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2h
co

s(
2�

C
S
)i

P  T

0.25 < | cos(✓CS)| < 0.5

M  bTlim
�1
�1
�1

(a)

2h
co

s(
4�

C
S
)i

P  T

| cos(✓CS)| < 0.25

M  bTlim
�1
�1
�1

(b)

2h
co

s(
2�

C
S
)i

P⌥⌥T

0.25 < | cos(✓CS)| < 0.5

M⌥⌥ bTlim
�1
�1
�1

(c)

2h
co

s(
4�

C
S
)i

P⌥⌥T

| cos(✓CS)| < 0.25

M⌥⌥ bTlim
�1
�1
�1

(d)

Figure 20: Azimuthal asymmetries for di-J/ (a,b) and di-⌥ (c,d) production as functions of PQQT : (a,c) 2hcos(2�CS)i for 0.25 <
| cos(✓CS)| < 0.5, and (b,d) 2hcos(4�CS)i at | cos(✓CS)| < 0.25. The results are presented for M  = 12, 21 and 30 GeV and for M⌥⌥
= 30, 40 and 50 GeV, for bTlim = 2, 4 and 8 GeV�1. [Figure taken from [22]]

The normalised P  T spectra for di-J/ production computed using a Gaussian-based TMD model [16]
or using an evolved TMD [22] are compared on Fig. 19 to the LHCb data [194], from which the DPS
is subtracted assuming that they are fully uncorrelated. The data considered are for P  T < M  /2 with
hM  i ' 8 GeV. The Gaussian-based TMD model fits the data best with a width hk2

T i of the order of
3 GeV2. Such a large value is a consequence of TMD evolution increasing the intrinsic momentum of
the gluons entering the hard scattering. The spectrum using evolved TMDs is plotted for widths bTlim of
a Gaussian nonperturbative Sudakov factor between 2 and 8 GeV�1. The lower bound corresponds to the
conventional limit with the perturbative region, while the higher bound matches the diameter of the proton.
While the computation with evolution can account for the LHCb spectrum, the lack of a double di↵erential
measurement in P  T and M  does not allow the TMD evolution to be constrained.

The relative size of azimuthal asymmetries in J/ - and ⌥-pair production are presented in Fig. 20 as a
function of P  T , for two ranges of rapidity di↵erence (| cos(✓CS)| < 0.25 corresponds to central production,
while 0.25 < | cos(✓CS)| < 0.5 corresponds to forward production), di↵erent values of M  and for bTlim in
the range [2;8] GeV�1. Asymmetries reach magnitudes of 8 to 10% at larger PQQT at central rapidities for
both J/ - and ⌥-pair production.

Much larger data samples to be collected at the HL-LHC will measure PQQT distributions, allowing
for a proper fit of f g

1 at di↵erent scales. Additionally, they will allow for a measurement of the azimuthal
asymmetries, which could be as large as 10% and which would tell if indeed h?g

1 is non-zero. Other studies
of quarkonium-pair production are discussed in Section 4.6.

4.5.3. Q + � production

Besides vector-quarkonium-pair production, the study of a vector quarkonium produced in association with
an isolated photon is another very promising way to access the distribution of both the kT and the polar-
isation of the gluon in an unpolarised proton in pp collisions at the LHC [14]. Despite its likely smaller

39
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respect to the transverse direction of spin of a nucleon. We defineAN as1444

AN =
1
P
�" � �#
�" + �#

, (4.15)

where �" (#) is the cross section of particles produced with the target nucleon spin orientation upwards (downwards), and1445

P is the average nucleon polarisation.1446

Simulation setup We consider reconstruction of J/ via its electron decay channel (J/ ! e+e�, BR = 5.94±0.06%).1447

We assume single electron measurement e�ciency to be 80% and constant vs transverse momentum and pseudorapidity1448

interval of |⌘| < 2. The J/ measurement e�ciency is calculated using decay kinematic simulated with PYTHIA8 [226]1449

(see Appendix A for details). Based on these results, we assume J/ measurement e�ciency to be 64%. Furthermore, we1450

assume signal-to-background ratio S/B = 1, and use the same method as in [227] to estimate statistical uncertainties on1451

AN . For the expected cross section for J/ production in ep collisions at the EIC, we use predictions in [51]: central values1452

of prompt color singlet (CS) QCD at 1 < PT < 5 GeV/c, and central value of "Propmpt CS" results for PT > 5 GeV/c.1453

Results Figure Fig. 4.8 shows projections for statistical uncertainties for J/ AN measurement as a function of trans-1454

verse momentum for ep collisions at
p

s=45 GeV and
p

s= 140 GeV for
R
L = 100 fb�1. These projections are compared1455

to results from pp reaction reported by the PHENIX experiment [228]. At low PT , the statistical precision is at per cent1456

level, exceeding the quality of existing data. In this range, the final uncertainty will be dominated by systematic ef-1457

fects. The uncertainties increase fast with increasing PT of J/ because the PT spectrum is predicted to be rather steep.1458

Nonetheless, such a measurement would be valuable for constraining gloun TMDs at low transverse momentum.1459
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Figure 4.8: Statistical projections for J/ AN as a function of transverse momentum for electron+proton collisions at
p

s= 45 GeV andp
s=140 GeV, compared to existing results from pp reaction reported by the PHENIX experiment [228].

Remark (by D. Kikola): We could add projections for other asymmetries, or a plot vs x, if interesting for the community Remark1460

(by D. Kikola): We could add theory predictions to this plot.1461

Remark (by D. Kikola): We could extend the discussion and feasibility study to the e+A case1462

Ideas for GSF measurements TODO (by JPL): To be moved before DK’s projection. Probably we should make the discussion1463

of AN uniform in di↵erent approaches (GPM, GPM-CGI, CT3, Sivers TMD) and outline the caveats/complications1464
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We consider the Sivers e↵ect in e(l) + p"(P) ! e(l0) + J/ (Ph) + X, within the generalised parton model (GPM) at1466

next-to-leading order (NLO) accuracy, to probe the gluon Sivers function (GSF). In order to study the e↵ects of initial-1467

(ISI) and final-state (FSI) interactions on the Sivers asymmetry, we employ the colour-gauge invariant GPM (CGI-GPM)1468

approach [229, 230]. For the J/ formation mechanism we adopt the non-relativistic QCD (NRQCD) e↵ective field1469

theory.1470
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where �" (#) is the cross section of particles produced with the target nucleon spin orientation upwards (downwards), and1445

P is the average nucleon polarisation.1446

Simulation setup We consider reconstruction of J/ via its electron decay channel (J/ ! e+e�, BR = 5.94±0.06%).1447

We assume single electron measurement e�ciency to be 80% and constant vs transverse momentum and pseudorapidity1448

interval of |⌘| < 2. The J/ measurement e�ciency is calculated using decay kinematic simulated with PYTHIA8 [226]1449
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D. Boer et al., Physics case for quarkonium  
studies at the Electron Ion Collider

Figure 25: Statistical-precision projections for ⌥(nS ) AN as a function of xF. The quarkonium states are assumed to be measured
in the di-muon channel with a LHCb-like detector. The signal and the background are calculated in fast simulations that take into
account the performance of the LHCb detector [298, 603]. [Figure taken from [6]]
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Figure 26: Statistical-precision projections for J/ AN as a function of xF compared to the existing measurements [602, 604]. The
J/ di-muon spectrum is assumed to be measured in the Muon Spectrometer of the ALICE detector, with the target located at
the nominal interaction point (ztarget ⇡ 0). The signal and the background are extrapolated at psNN = 115 GeV from the ALICE
measurements in [605]. [Figure taken from [6]]

4.7.2. C-even Q states

The production of C-even quarkonium states has recently attracted great attention both theoretically and
experimentally (see Section 2). With a detector similar to LHCb, STSAs for �c, �b and ⌘c could be measured
at low PT in the FT mode, as suggested by several studies of �c states in the busier collider mode down to a
PT as low as 2 GeV [146, 607]. The first study of inclusive ⌘c production above PT = 6 GeV was performed
by LHCb together with non-prompt ⌘c(2S ) production [608]. Such prompt studies can clearly be carried
out by LHCb [114]. Indeed, given the lower combinatorial background at lower energies and the fact that
the cross section for pseudoscalar charmonium production is similar to that of the vector ones, the low-PT
region should be in reach. It may also be the case for ⌘b production [12], which o↵ers a slightly wider range
of applicability for TMD factorisation in terms of the PT range.

The measurement of STSAs of C-even quarkonium states would give a clean access not only to CT3
tri-gluon correlators [609], but also to f?g

1T and the GSF of the GPM, if the low-PT region can be measured.
Such processes would o↵er an oppotunity for comparisons between these frameworks. Estimations of both
⌘Q and �Q STSAs from the CT3 formalism are however not yet available, nor is any robust information on
f?g
1T . Table 2 presents some yield estimations and the expected x ranges that can be accessed.

4.7.3. STSAs in associated Q production

Associated-production channels [14, 15, 22, 515, 578, 610, 611], where a quarkonium is produced along
with another particle (e.g. another quarkonium, a photon, a lepton-pair, etc.), represent a very useful tool
to access f?g

1T of TMD factorisation, the GSF of the (CGI-)GPM and the related tri-gluon correlators for

45

Predictions for polarised fixed target at LHC

with ztarget=0

C.Hadjidakis et al., Phys. Rept. 911 (2021) 1–83 
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Energy dependence of exclusive J/y photoproduction ... ALICE Collaboration
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Figure 3: (Upper panel) ALICE data (red symbols) on exclusive photoproduction of J/y off protons as a function
of the centre-of-mass energy of the photon–proton system Wgp, obtained in collisions of protons and lead nuclei
at

p
sNN = 5.02 TeV, including results from [19], compared to a power-law fit, to data from HERA[9, 11], to the

solutions from LHCb[39] and to theoretical models (see text). The uncertainties are the quadratic sum of the
statistical and systematic uncertainties. (Lower panel) Ratio of the models shown in the upper panel to the power
law fit through the ALICE data points. The Bjorken x value corresponding to Wgp is also displayed on the top of
the Figure, see text for details.

The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole
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The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole
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of the centre-of-mass energy of the photon–proton system Wgp, obtained in collisions of protons and lead nuclei
at
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The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole
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law fit through the ALICE data points. The Bjorken x value corresponding to Wgp is also displayed on the top of
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The comparison of ALICE measurements to data from other experiments as well as to the results from
different models is also shown in Fig. 3. HERA [9, 11] and ALICE data are compatible within uncer-
tainties. LHCb measured the exclusive production of J/y in pp collisions, where the photon source can
not be identified. Thus the extraction of the photoproduction cross section is not possible without fur-
ther assumptions. For each measurement they reported two solutions [14] which also agree with ALICE
measurements.

ALICE measurements are also compared to theory in Fig. 3. The JMRT group [42] has two computations,
one is based on the leading-order (LO) result from [8] with the addition of some corrections to the cross
section, while the second includes also the main contributions expected from a next-to-leading order
(NLO) result. The parameters of both models have been obtained by a fit to the same data and their
energy dependence is rather similar, so only the NLO version is shown. Recently, three new studies have
appeared, describing the W (g p) dependence of the exclusive J/y cross section in terms of a colour dipole

13

Eur. Phys. J. C 79 (’19) 402

pp

𝜸p cross section: LHC

ep

pPb

xPz

b? Pz



16

to the steel or tungsten absorber plates. Afterwards the modules will be self-supporting within the outer
support frame. The steel in the LFHCAL serves as flux return for the BaBar magnet, thus a significant force
is exerted on the calorimeter, which needs to be compensated for by the frame and internal support structure.
The achieved energy resolution accoding to the simulations for both calorimeters can be found in Fig. 2.19.
The required resolutions can be met in both cases and further improvements can be expected using machine
learning for the clusterization which proves challenging in this direction. The excellent position resolution
in the FEMC should in addition allow the effective separation of electrons and pions as well neutral pion
decays, as seen in Fig. 2.20. The projected performance meets the physics requirements by the eA diffractive
J/y production and the u-Channel DVCS, as well as meson (pion/kaon) structure function measurements
through the Sullivan process.

2.6 Far-Forward/Far-Backward Detectors

A schematic of the far-forward detectors is shown in Figure 2.23 and include the B0 spectrometer, off-
momentum trackers, Roman Pots and ZDC (see Table 2.6 for position and dimensions). The far-backward
region consists of two detector systems (low-Q2 tagger and luminosity monitor). All far-forward/far-
backward detectors are required for the EIC physics as described in the Yellow Report. The following
describes their setup and performance. For further details, see Ref. [30].

Figure 2.23: The layout of the EIC Far-Forward region.

2.6.1 B0 Detector
The B0 spectrometer is located inside B0pf dipole magnet. Its main use is to measure forward going
hadrons and photons for exclusive reactions. The B0 acceptance is defined by the B0pf magnet. Its design is
challenging due to the two beam pipes (electron and hadron) that it needs to accommodate and the fact that
they are not parallel to each other due to the 0.025 mrad IP6 crossing angle. Moreover, the service access to
the detectors inside of the dipole is only possible from the IP side, where the distance between the beam
pipes is narrowest. Following these limitations the B0 detector require using compact and efficient detection
technologies.

Our design uses four AC-LGAD tracker layers with 30 cm spacing between each layer. They will provide
charged particle detection for 6 < q < 22.5 mrad. The use of AC-LGAD sensors will allow good position

26

Detection of the recoil protons

Exclusive measurements on p at EIC: 
detection of the nucleon

Figure 3.6: Top: Example of the expected uncertainties of the Sivers asymmetries in a few selected kinematic
bins as a function of z. Bottom: Up quark Sivers function in bins of x as a function of intrinsic momentum kt. The
orange-shaded areas represent the current uncertainty, while the blue-shaded areas are the uncertainties when
including the ECCE pseudo-data.
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Figure 3.7: 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.

different bins in xV = (Q2 + M2
V)/(2 p · q), the x-Bjorken equivalent scale variable for heavy mesons.
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Figure 41: Di↵erential cross-section vs Momentum transfer t for the 18x275
beam setting studied in xv slices, 0.0016 < xv < 0.0025 (black), 0.016 < xv <
0.025 (blue) and 0.16 < xv < 0.25 (red).

Figure 42: Representation of TCS kinematics in the hadronic plane (yellow)
and leptonic plane (blue). The planes are separated by angle �. Initial four
momenta of the beam proton and the real photon are represented by convention
as p, q and the final state four momenta (the scattered proton and produced
virtual photon) are represented as p0, q0. The momenta of the decay lepton pair
are represented as k, k0. The angle between the decay lepton k and the scattering
axis of the proton is represented as ✓ [68]. For the study in this note, the decay
lepton pair was e+e�.

region. Q02 represents the virtuality of the produced vir-
tual photon (see Sec. 4.7.2 for the full definition).

• 0 < � < 2⇡ to obtain a full lab frame azimuthal (�) angular
coverage.

• 0 < �S < 2⇡, (where �S represents the angle between the
leptonic plane, see Fig. 42, and the transverse component
of the polarization of the target nucleon), to obtain a full
�S angular coverage.

• ⇡6 < ✓ <
5⇡
6 , slightly widened from the range used in the

YR study (please note that at this stage in the YR stud-
ies, BH singularities became apparent at extremes of theta.
These have since been rectified via recent updates to EpIC,
and the restricted range from the YR is thus widened here).

• 0 < Q2 < 0.15 GeV2 to select a quasi-real photon.

The Fun4All [17] simulation software prop 7.1 was used
for the TCS studies. This more recent version was used due
to an improved scattered proton acceptance compared to older
Fun4All versions, as a result of the implementation of the high
acceptance setting (detailed in Sec. 4.5.2).

4.7.2. Event Selection, Reconstruction and Analysis
Event selection of the final state particles centers around the

scattered proton (p0), the decay electron (e�) and the decay
positron (e+).

For the e�e+ pair, the information from hits registered in the
Fun4All EEMC, FEMC and BECAL was compared with mo-
menta from the truth container and separated by PID, taken
from calorimeter cluster information. The virtual photon �⇤
produced by the interaction was then calculated using this decay
e�e+ pair, via summation of four momenta (�⇤ = k(e+)+k0(e�)).
The energy determination for these particles could be improved
by calibrating the calorimeters using a similar method as de-
scribed in Sec. 4.4, however due to time constraints the plots in
this study have not been corrected for this calibration. We plan
to implement this in the near future and from preliminary tests
we anticipate the change to be relatively minor, around a ⇡3%
correction. The scattered electron, e0, in this study is calculated,
as opposed to being detected. This is due to the original findings
of the YR study, which indicated that the e0 would be di�cult
to directly detect, without implementation of a low Q2 tagger,
and that it is instead better to use the momenta of other final
state particles compared to initial beam momenta to calculate
it [3]. In more recent versions of Fun4All, there has been an in-
tegration of a low Q2 tagger, which would mean that a missing
mass study could be performed with the scattered proton as the
’missing’ particle, as it is within detector resolution to calculate
this at high energies, however this has not been explored in this
study.

To reconstruct the scattered proton, p0, which is very
forward-going, the Roman Pots and B0 detectors were essen-
tial. The geometrical acceptances for the Roman Pots and B0
detectors were handled in exactly the same way as previously
described in Sec. 4.5.2, i.e. the acceptance of the B0 layers
were fully modelled in Fun4All directly and cuts to remove the
contribution of the beam pipe in each of the Roman Pots were
added to the analysis of the Fun4All output. The Roman Pots
cuts for each simulation were as given in Sec. 4.5.2, Table 5. In
the analysis of the Fun4All output to mimic detector resolution
e↵ects (since these are not fully modelled in the forward region
of Fun4All yet) a 1 %, smearing was applied to the truth proton
. The track direction of the proton however was not smeared in
this study. A cut on successfully detecting the scattered proton
and the decay lepton pair in the final state was also included in
the event selection stage of the analysis.

In the analysis stage, several physics quantities of the reac-
tion were reconstructed, their definitions are below.

• Q2 = �q2 = �(e0 � e)2 where e and e0 represent the four
momenta of the beam and scattered electron respectively.
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Figure 28: Coherent and incoherent exclusive J/y differential cross section versus |t| in the
Sartre model. Figure taken from Ref. [32].

duction, but also leads to nuclear breakup. This process produces nuclear fragments,
both large and small, some of which can be tagged by the far-forward system. It also
produces soft photons in the forward direction from the de-excitation of some of the
larger nuclear fragments.

5.3 MC samples

Two models are utilized in this study

• Sartre, which predicts vector meson production for electro- and photoproduction off
of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can
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• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can
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•Coherent production: measurements up to large t:

‣ 3D or 2D (x independent) transverse position
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of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
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states which are not detectable either as large fragments in a far-forward tracker (which
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‣Saturation: 

determine dip position indirectly 

via slope and probe its dependence

with Wɣp

Q ¼ 0. Drastically different patterns for the diffractive t
distribution also emerge between saturation and nonsatu-
ration models for lighter vector meson production such as ρ
and ϕ, with the appearance of multiple dips. Note that the
prospects at the LHeC [4] indicate that access to values of
jtj around 2 GeV2, required to observe the dips for J=ψ, is

challenging. On the other hand, the accuracy that can be
expected at lower jtj should allow us to observe the bending
of the distributions. And lower values of jtj for lighter
vector mesons should be clearly accessible, probably even
at the EIC [3], but for smaller Wγp.
The emergence of single or multiple dips in the t

distribution of the vector mesons in the saturation models
is directly related to the saturation (unitarity) features of the
dipole scattering amplitudeN at large dipole sizes. In order
to more clearly see this effect, let us define a t distribution
of the dipole amplitude in the following way:

dσdipole

dt
¼ 2πj

Z
Λr

0
rdr

Z
d2be−ib·ΔN ðx; r; bÞj2; ð21Þ

where Λr is an upper bound on the dipole size. The above
expression is in fact very similar to Eqs. (1) and (2); see also
Ref. [13]. Note that in Eq. (1), the overlap of photon and
vector meson wave functions gives the probability of
finding a color dipole of transverse size r in the vector
meson wave function and it naturally gives rise to an
implicit dynamical cutoff Λr which varies with kinematics
and the mass of the vector meson. The cutoff Λr is larger at
lower virtualities and for lighter vector mesons. On the
other hand, quantum evolution leads to unitarity constraints
on the amplitude at lower dipole sizes with decreasing
values of x or increasing energies. Thus, by varying the
cutoff Λr, one probes different regimes of the dipole from
color transparency to the saturation regime.
In the 1-Pomeron model, since the impact-parameter

profile of the dipole amplitude is a Gaussian for all values
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Coherent photoproduction in PbPb at the LHC

Coherent J/y and y 0 photoproduction at midrapidity ALICE Collaboration

The ratio of the 2S to 1S charmonium states is:

s coh
y 0
dy

s coh
J/y
dy

= 0.18 ±0.0185(stat.)±0.028(syst.)±0.005(BR). (8)

Many systematic uncertainties of the J/y and y 0 cross section measurements are correlated and cancel
in the cross section ratio. Since the analysis relies on the same data sample and on the same trigger,
the systematic uncertainties of the luminosity evaluation, trigger efficiency, EMD correction and ITS-
TPC matching of leptons were considered as fully correlated. The AD and V0 offline veto uncertainty
is partially correlated, so the difference of the uncertainties for y 0 and J/y is taken into account in
the uncertainty of the ratio. The systematic uncertainties connected to the signal extraction, incoherent
contamination and the branching ratio are considered uncorrelated between the two measurements. The
dominant uncertainty comes from the uncorrelated part of the AD and V0 veto uncertainty for y 0.

5 Discussion

Figure 6 shows the rapidity-differential cross section of the coherent photoproduction of J/y and y 0 vec-
tor mesons in Pb–Pb UPCs including previous ALICE measurements of J/y at forward rapidity [24].
At midrapidity, J/y measurements performed in absolute rapidity ranges are shown at positive rapidities
and reflected into negative rapidities. The ALICE measurements are compared to several models which
are discussed in the following:

The impulse approximation, taken from STARlight [43], is based on data from exclusive J/y photopro-
duction off protons and neglects all nuclear effects except for the coherence. The square root of the ratio
of experimental cross sections to the impulse approximation is 0.65±0.03 for J/y and 0.66±0.06 for
y 0, where statistical and systematic uncertainties of the ALICE measurements and a conservative 10%
uncertainty on the impulse approximation are added in quadrature. The obtained nuclear suppression
factor reflects the magnitude of the nuclear gluon shadowing factor at typical Bjorken-x values in the
range (0.3,1.4)⇥ 10�3 and is in good agreement with Rg(x ⇠ 10�3) = 0.61+0.05

�0.04 obtained in Ref. [18]
from the J/y cross section measurement in UPCs at

p
sNN = 2.76 TeV.
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no  gluon 

shadowing

        -4.0<y<-2.5 


0.7 x 10-2 < xB < 3.3 x10-2 (dominant)

   1.1 x 10-5 < xB < 5.1 x10-5

|y|<0.8 ⟷ 0.3 x 10-3 < xB < 1.4 x10-3

Results indicate shadowing in gluon PDF:
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⇡ 0.65 at x ⇡ 10�3
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First measurement of the |t|-dependence of coherent J/ψ photonuclear productionALICE Collaboration
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EIC: diffractive eA

Figure 28: Coherent and incoherent exclusive J/y differential cross section versus |t| in the
Sartre model. Figure taken from Ref. [32].

duction, but also leads to nuclear breakup. This process produces nuclear fragments,
both large and small, some of which can be tagged by the far-forward system. It also
produces soft photons in the forward direction from the de-excitation of some of the
larger nuclear fragments.

5.3 MC samples

Two models are utilized in this study

• Sartre, which predicts vector meson production for electro- and photoproduction off
of protons and nuclei.

• BeAGLE, which interfaces PYTHIA6 with a Glauber formalism to incorporate nuclear
scattering, but only models electro- and photo-production off of the nucleons within
the nucleus. It also utilizes DPMJET and FLUKA to model nuclear breakup.

Sartre version 1.37 and BeAGLE version 1.01.03 were used to generate samples of about
700k J/y decays to leptons (to both electrons and muons). It should be noted that e+Au
processes were the main focus of the EIC Yellow Report, as Au has long been assumed to
be the primary heavy ion beam (as it was for RHIC). However, extensive BeAGLE studies
have found that incoherent processes off of Au nuclei lead to a preponderance of final
states which are not detectable either as large fragments in a far-forward tracker (which
requires Z/A similar to the nominal beam), or in a Zero Degree Calorimeter, which can

34

→ resolving minima

• Need 90%, 99%, and > 99.8% veto efficiency for 
incoherent production, for the respective minima at 
increasing t.

• Need precise determination of t.

Toll, Ulrich, PRC 87 (13) 0249

• veto of events where nuclei break up 

→ use entire far-forward detector systems

• reconstruction via scattered lepton and exclusively 
produced vector meson/photon
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Diffractive eA: study of exclusive J/ѱ production in ePb 
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p2T ⇡ (~pJ/ ,T + ~pe0,T )
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• To estimate incoherent background, selections made on ZDC, Roman 
Pots, OMD and B0 detectors.

• Expect improvements with further optimization of detector design (e.g. B0 EMCal) 

and analysis methodology  

• Backgrounds modest up to second diffractive peak


• Cut more effective at larger t, but signal distribution drops rapidly

Extraction of coherent signal from 

coherent and incoherent production
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J/ ! e+e�
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J/ ! µ+µ�

•Simulation: coherent (Sartre)+incoherent 
(Beagle, normalised to Sartre)

•No background simulation

•No simulation of the beam spread

Distinction of e and μ in present study:

E deposition in EEMC cluster/Ptrack:


>0.6 → e

<0.6 → μ



23

Summary
• Quarkonium production at the EIC offers: 

‣ excellent tool to probe the gluon content of nucleon,

• Promising studies based on detector simulation for  physics of exclusive measurements

• High potential for non-exclusive physics: 

‣ next step: further studies using full detector simulation 

‣ complementary information to probe the quarkonium production mechanism

with the advantage of a clean probe, compared to the LHC
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Back up
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Diffractive eA: study of exclusive J/ѱ production in ePb Need for kinematic constraint
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µµ→ψSartre 1.37 J/

>0.08pθ, 2>2 GeV2x<0.01, Q
<3.2

µ
η>100 MeV,

µT
>1 GeV,pµP

e' ECCE tracker, B=1.4T
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e' track+clus, B=1.4T
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e' track+EEMC response, B=1.4T
e' track+EEMC response, B=3T

• Primary limitation on this measurement has been the e’ response:

• Tracker alone has too poor a resolution in the far backward region

• EEMC simulation quite close to “ideal” PWO response (crystal ball,  

based on ECCE sims) but low energy tails induce larger t

• Selections on size of correction control tail contribution, at cost  

of requiring detailed data/MC agreement

• I implemented Method L from Kong, and so far it doesn’t seem  

to help as much, but I need more time to assess this
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tails (e.g. <0.95) are often associated 
with cracks in EEMC (simple study,  
improvements underway…)

On the importance of the EEMC for the scattered lepton 


