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Outline

• Scattering off nucleon:

• Spin structure: inclusive and semi-inclusive DIS

• 3D tomography: momentum and position space

• Scattering off nuclei:

• Dihadron correlations

• Exclusive/diffractive
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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
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Figure 3.2: (Top) in-bin fraction for DIS kinematic
Reconstruction. The reconstruction at high (low) y
is done using the scattered electron tracking (double
angle method). (Bottom) Estimated electron purity
for inclusive DIS events (Q2 > 2 GeV2, W2 > 10
GeV2, and 0.01 < y < 0.95) as a function of lep-
ton momentum and different h bins. Results ob-
tained using DJANGOH generator for DIS events
and Pythia6 for photoproduction reactions and the
rejection used the ECCE PID and electromagnetic
calorimetry systems. Except for at very low mo-
menta the pion contamination is below 1% which,
after corrections, lead to a negligible systematic un-
certainty to our measurements.
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Figure 3.3: Kinematic coverage and expected pre-
cision for inclusive A1 asymmetries from ECCE
based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.

39

Kinematic coverage for (semi-)inclusive DIS

Figure 6: x-Q2 bin retention fractions for DIS events at 18 GeV x 275 GeV collisions (top fig-
ures) and 5 GeV x 41 GeV collisions (bottom figures). Right figures: Kinematic regions where
scattered lepton (blue) or double angle method (yellow) are best for kinematic reconstruction.

are displayed in Fig. 7 for a smaller x bin at an intermediate Q2 bin for various recon-
struction methods. At this high y value the lepton reconstruction method works nearly
perfectly and the resolution distribution within this bin is close to a delta function. At this
region of the phase space both methods that utilize also the hadronic final state are very
imprecise and the width of their distributions is very wide.

If one looks at intermediate y as displayed in Fig. 8 for an intermediate x bin in the same
Q2 bin for various reconstruction methods, one sees that here all reconstruction methods
are somewhat comparable. All methods are able to on average correctly reconstruct the x
value. In terms of the width of the distributions, it appears that the double angle method
results in the lowest spread of the reconstructed kinematics and would therefore be the

11

Reconstruction of DIS variables via scattered lepton (high y) or double-angle method (low y)
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Figure 3.3: Kinematic coverage and expected pre-
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based on ep collisions at two example beam ener-
gies.

Here we present ECCE simulation studies of key measurements required to understand the origin of nucleon
spin.
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Figure 7: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for positive-pion asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

positive-pion asymmetries for 0.011 < z < 0.05 for the July design (left) and the October
design (right) are presented. As can be seen, the new tracker support structure closes the
gap in acceptance.

Finally, figures 11 and 12 illustrate the asymmetry that would be obtained after an un-
folding procedure on the asymmetry measured with the ECCE detector, for 10 fb�1 of
data collected at s = 5 ⇥ 41 GeV2 and s = 18 ⇥ 275 GeV2, respectively3, for the range

3In practice, the central values of the reconstructed asymmetries have been replaced here by those of the
generated ones, for the kinematic bins for which an asymmetry is reconstructed.
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Figure 9: Statistical (error bars) and total (error bands) uncertainty for each (xB, Q2, z) bin,
for negative-kaon asymmetries collected at s = 18 ⇥ 275 GeV2. An additional global scale
uncertainty of 2% accounts for the uncertainty in the beam polarisations, as indicated in the
figure. The central value of the data points has no meaning.

shows the uncertainties in the A1 asymmetry as a function of the kinematic coverage in
xB (x-axis) and Q2 (colors). Here, the results for s = 18 ⇥ 275 GeV2 and one bin in hadron
fractional energy 0.10 < z < 0.15 are shown. Comparing the 1.4 T setting (first panel) and
the 3.0 T setting (second panel), it can be seen that the 3.0 T configuration allows for a
similar kinematic coverage as the 1.4 T configuration. The observed behaviour is similar in
all of the z bins. Additional information is provided in figure 14, which shows the ratio
of the statistical uncertainties in the asymmetry for the 1.4 T and 3.0 T configuration for
0.10 < z < 0.15 (left) and 0.60 < z < 0.70 (middle). The low-z bin is in general populated
by low-energetic hadrons. Since these are more likely to be deviated out of the detector
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4 Neutron Spin Structure

Dien Thi Nguyen (Jefferson Lab) and Jackson Pybus (Massachusetts Institute of Technology)

4.1 Double spectator tagging measurement

Many nuclear physics experiments make use of polarized 3He as an effective neutron
target. For inclusive measurements, as often done with fixed targets, the two protons not
only dilute the signal compared but also have a small net polarization which is not known
leading to rather large systematic uncertainties on the extracted quantities. The EIC has a
unique a capability to measure the two protons in the far forward region. As will be shown
in this section, that allows for extractions of neutron information with reduced systematics
as well as an enhanced asymmetry as compared to inclusive measurements.

Figure 20: A diagram of Deep Inelastic e+3He scattering with double spectator tagging. The
channel shown here is electron scattering off a neutron in 3He; the two spectator nucleons
are the protons in the process 3He(e, e

0
ps1 ps2)X.
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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
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Figure 21: Distribution of the vector sum of two spectator protons momentum , ~ps1 and ~ps2,
in the Ion Rest Frame. The left plot is for energy setting 5x41 GeV and the right plot is for
18x166.
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Figure 22: The Roman pot occupancy layer 1 for spectator proton 1 (left) and spectator proton
2 (right) for the double tagging events
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Figure 22: The Roman pot occupancy layer 1 for spectator proton 1 (left) and spectator proton
2 (right) for the double tagging events
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4.5 Projections

We show the direct comparison of uncertainty from double tagging to the extracted A
n

1
for two energy settings (5x41 and 18x166) in the Fig. 23. The study shows that double
tagging method results in reduced uncertainties by a factor of 2 on the extracted neutron
spin asymmetries over all kinematics and by a factor of 10 in the low-xB region for Energy
setting 5x41.
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Figure 23: A direct comparison of extracted A
n

1 from inclusive measurements (blue band)
and double tagging measurements (black square) which are superimposed on the blue band.
The left plot is for energy setting 5x41 GeV and the right plot is for 18x166 GeV. The blue
points are the A

3He
1 measured values from inclusive measurements from which the blue

band is extracted. The uncertainties for both the techniques are compared in the bottom box
where the blue (black inverted) triangles are the absolute uncertainties of inclusive (tagged)
measurements. The data points were located at the average value for each xB bin. The
asymmetry calculation for each data point corresponds to the average value of Q

2 for each
xB bin.

5 e-A Diffraction

Mark D. Baker (MDBPADS LLC), Dhevan Gangadharan (University of Houston), Peter Steinberg

(Brookhaven National Laboratory)

5.1 Roman Pot Occupancy

The occupancy of hits registered in the Roman pots (RPs) are studied in first Si layer in
the IP6 configuration as well as the third Si layer in the IP8 configuration. Of particular
interest are the Roman pots near the secondary focus in the IP8 configuration (third and
fourth layers). Occupancies from layers two and four are similar to layers one and three,
respectively, and are not shown here. The BeAGLE event generator is used to simulate
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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 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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Gluons in nuclei: physics requirements

12/13/2021 ECCE DPAP Panel Review 8

Physics measurements:

¾ SIDIS heavy flavor production
¾ Good vertex resolution for open heavy flavor reconstruction

YR

Jet energy resolution

Reconstruction for track+cluster jets 
exceeds YR requirements

Excellent EMCAL energy resolution

¾ Dijets measurements
¾ Good hadron calorimetry

Choice of full PbWO4 crystal calorimeter

AI-optimized hybrid Si tracker

1.4T, thin magnet (<0.5l/ll) good HCALs (oHCAL reuse)

¾ Diffractive processes off nuclei
¾ Excellent backwards EMCal
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(b) Track jet f resolution

Figure 3: The spatial resolution of track jets. The resolution in both pseudorapidity and

azimuthal angle is very good, which is important for correlating jets to the scattered electron

for studying parton kinematics.

In addition to the excellent momentum scale and resolution the ECCE tracking system

offers, the detector offers very good spatial resolution of jets (Figure 3).
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and calibration is still ongoing, thus the

poor scale.
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ing a small distribution of reconstructed
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Figure 4: The scale and resolution of the energy of calorimetry jets.
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(b) Calorimetry jet f resolution

Figure 5: The spatial resolution of calorimetry jets. Since jet matching is done in h � f space,

the poor energy scale for the central and backward regions should have a minimal affect on

the spatial resolution.
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Figure 3: The spatial resolution of track jets. The resolution in both pseudorapidity and

azimuthal angle is very good, which is important for correlating jets to the scattered electron

for studying parton kinematics.

In addition to the excellent momentum scale and resolution the ECCE tracking system

offers, the detector offers very good spatial resolution of jets (Figure 3).
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Figure 5: The spatial resolution of calorimetry jets. Since jet matching is done in h � f space,

the poor energy scale for the central and backward regions should have a minimal affect on

the spatial resolution.
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Gluons in nuclei: physics requirements

12/13/2021 ECCE DPAP Panel Review 8

Physics measurements:

¾ SIDIS heavy flavor production
¾ Good vertex resolution for open heavy flavor reconstruction

YR

Jet energy resolution

Reconstruction for track+cluster jets 
exceeds YR requirements

Excellent EMCAL energy resolution

¾ Dijets measurements
¾ Good hadron calorimetry

Choice of full PbWO4 crystal calorimeter

AI-optimized hybrid Si tracker

1.4T, thin magnet (<0.5l/ll) good HCALs (oHCAL reuse)

¾ Diffractive processes off nuclei
¾ Excellent backwards EMCal
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Physics measurements:

¾ SIDIS heavy flavor production
¾ Good vertex resolution for open heavy flavor reconstruction
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¾ Dijets measurements
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(b) Track jet f resolution

Figure 3: The spatial resolution of track jets. The resolution in both pseudorapidity and

azimuthal angle is very good, which is important for correlating jets to the scattered electron

for studying parton kinematics.

In addition to the excellent momentum scale and resolution the ECCE tracking system

offers, the detector offers very good spatial resolution of jets (Figure 3).
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Figure 5: The spatial resolution of calorimetry jets. Since jet matching is done in h � f space,

the poor energy scale for the central and backward regions should have a minimal affect on

the spatial resolution.
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Figure 2: Track momentum dependent momentum resolution in 0  h  3.5 and �3.5 
h < 0 pseudorapidity regions.
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Figure 3: Reconstructed heavy flavor hadrons with the ECCE detector performance in 10+100
GeV e + p collisions. The integrated luminosity is 10 f b�1.
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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

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 3.8: Left: Projected DVCS cross-section measurements as a function of the momentum transfer t for
different bins in Q2 and x. The assumed integrated luminosity is 10 fb�1 for each beam energy configuration.
Right: DVCS photon acceptance in the backwards (green), barrel (blue) and forward (grey) ECALs, as a function
of its pseudorapidity. The red dotted line shows the distribution of (generated) DVCS photons.
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Figure 3.10: Simulated statistical and systematic accuracy for
neutral current DIS off nuclei with Q2 > 2 GeV2.

3.3 Gluon structure of nuclei

Models of the partonic structure of heavy nuclei predict that due to the increased density of gluons at
low-x (as compared to their density in the proton), at a high-enough interaction energy the gluons will
start to recombine and lead to the phenomenon of parton saturation [57]. Such novel non-linear QCD
dynamics fundamentally modify the standard collinear approach to QCD and the related DGLAP evolution
equations [58–67]. In doing so it also predicts the existence of a new dynamically generated saturation scale
Qs(x, A) in QCD that divides the dilute and dense regions of nuclei [68–70].

ECCE will provide first measurements of heavy nuclei in kinematics that is relevant for parton saturation
studies. Below we describe selected processes which will provide valuable insight into the fundamental role
of gluons in the structure of nuclei. The processes presented all measure heavy nuclei and include inclusive
DIS, diffractive meson production, di-hadron correlations measurements and heavy flavor production.
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Deeply virtual Compton scattering on p
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L = 10 fb�1

→ sensitive to quark (and gluon) GPDs
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of its pseudorapidity. The red dotted line shows the distribution of (generated) DVCS photons.
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Figure 3.10: Simulated statistical and systematic accuracy for
neutral current DIS off nuclei with Q2 > 2 GeV2.

3.3 Gluon structure of nuclei

Models of the partonic structure of heavy nuclei predict that due to the increased density of gluons at
low-x (as compared to their density in the proton), at a high-enough interaction energy the gluons will
start to recombine and lead to the phenomenon of parton saturation [57]. Such novel non-linear QCD
dynamics fundamentally modify the standard collinear approach to QCD and the related DGLAP evolution
equations [58–67]. In doing so it also predicts the existence of a new dynamically generated saturation scale
Qs(x, A) in QCD that divides the dilute and dense regions of nuclei [68–70].

ECCE will provide first measurements of heavy nuclei in kinematics that is relevant for parton saturation
studies. Below we describe selected processes which will provide valuable insight into the fundamental role
of gluons in the structure of nuclei. The processes presented all measure heavy nuclei and include inclusive
DIS, diffractive meson production, di-hadron correlations measurements and heavy flavor production.
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Exclusive J/ѱ electroproduction on p
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L = 10 fb�1

→ excellent to probe gluon GPDs
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Probing the nuclear medium

• Additional requirements for certain channels of interest:


• Diffractive/exclusive measurements: 


• veto of events where nuclei break up → use entire far-forward detector systems


• low-t for nuclei → reconstruction via scattered lepton and exclusively produced vector meson/photon
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Figure 1: The two leading diagrams for dijet production in deep inelastic scattering at EIC
energies: QCD Compton scattering (left) and boson-gluon fusion (right).

2

Di-hadron production from jets

Di-jet correlations → search for signs of saturation:

suppression of back-to-back dijet correlations in nucleus
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Figure 1: The two leading diagrams for dijet production in deep inelastic scattering at EIC
energies: QCD Compton scattering (left) and boson-gluon fusion (right).

2

Di-hadron production from jets

Di-jet correlations → search for signs of saturation:

suppression of back-to-back dijet correlations in nucleus
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Figure 2: The Q2 vs Bjorken x plane for events containing dihadron correlations with ptrig
T >

passoc
T > 1 GeV/c and |h| < 3.5. The Q2 and Bjorken x are derived from the kinematics of the

scattered electron. Each panel is a different combination of beam energies.
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jets only, we subtract the uncorrelated background B from the dihadron correlations.
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The dihadron correlations arising from dijets after combinatorial background subtraction
are shown in Figure 5. We note that there are small differences between the correlations
from reconstructed tracks and the truth distribution. Any difference between the two
distributions are considered a systematic error and are shown as a grey band in subsequent
figures.

In order to simulate nuclear effects on the dihadron correlations, we employ the following
process. Each dihadron correlation for different beam energies was divided into two

4

15



15

Figure 1: The two leading diagrams for dijet production in deep inelastic scattering at EIC
energies: QCD Compton scattering (left) and boson-gluon fusion (right).
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suppression of back-to-back dijet correlations in nucleus
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Figure 1: The two leading diagrams for dijet production in deep inelastic scattering at EIC
energies: QCD Compton scattering (left) and boson-gluon fusion (right).

2

Di-hadron production from jets

Di-jet correlations → search for signs of saturation:

suppression of back-to-back dijet correlations in nucleus
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where YN and YF are the integrated pair yields on the near side (at Df = 0) and the far
side (at Df = p) and B is the uncorrelated background. To find the correlations due to the
jets only, we subtract the uncorrelated background B from the dihadron correlations.
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are shown in Figure 5. We note that there are small differences between the correlations
from reconstructed tracks and the truth distribution. Any difference between the two
distributions are considered a systematic error and are shown as a grey band in subsequent
figures.

In order to simulate nuclear effects on the dihadron correlations, we employ the following
process. Each dihadron correlation for different beam energies was divided into two
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Diffractive eA
→ probe gluon saturation

→ nuclear imaging in position space

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 is crucial

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
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Diffractive eA: study of exclusive J/ѱ production in ePb 

1

10

210

310

410

510

0 0.05 0.1 0.15 0.2

]2full |-t| [GeV

0

0.05

0.1

0.15

0.2]2
 [G

eV
2 Tp

Sartre 1.37
e+Pb 18x108.4 GeV
Truth level

Figure 32: Comparison of the squared transverse component of the t vector with the magni-
tude of the full vector, in coherent J/y production in Sartre 1.37
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Figure 33: (left) Comparison of p
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at truth level (filled histogram), simulated after beam
effects (dotted line), and after correction for the crossing angle (but not beam and crab
divergence). (right) Comparison of truth level (after accounting for beam effects and recon-
struction efficiency), with reconstructed level (all tracks) and a modified reconstruction using
a smeared vector for the scattered electron.

resolution of pT diminishes for qe < 0.08, leading to poor resolution of treconstructed, as
shown in Fig. 33(right). Replacing the scattered electron track with a smeared version of
the truth electron (smearing the energy by the expected performance of the PWO EEMC
2.5%/

p
E
L

1%) restores a reasonable reconstruction of the |t| distribution.
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effect from crab and beam divergences

• t via scattered lepton and reconstructed vector meson
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Figure 34: left: pT
2 distribution for Sartre and Beagle events, right: The same distributions,

but with BeAGLE and Sartre summed, to demonstrate how the combined data set appear at
each veto level.

The application of these selections to Sartre and BeAGLE events separately are shown in the
left panel of Fig. 34 for 2 < Q

2 < 10 GeV2 and q0 > 0.08, to remove poorly-reconstructed
tracks in the far-backward direction. A cut of x < 0.01 is applied at the recommendation
of the Sartre authors to make sure the assumptions of the calculations are satisfied. The
Sartre events track the diffractive peaks in the truth distributions, but substantially fill in
the dips, due to the combination of electron and muon momentum resolution. The electron
decay channel is similar, but has poorer track performance due to material interactions.
The BeAGLE distributions are essentially flat in this region, before the application of any
cuts. The impact of the cuts is immediately visible, with the absence of ZDC neutrons
being the most striking selection, reducing the background events by 90% at moderate
pT

2. The additional cuts have a more modest response per cut, but the final ZDC selection
on low-energy photon activity is also quite important, which provides justification for
running e+Pb over e+Au.

The right panel of Fig. 34 shows the same distributions but after adding signal and
background, as would be seen in the real experimental conditions. One observes that the
veto selections are effective at revealing most of the falling pT

2 distributions up to the third
diffractive peak, by which point the BeAGLE backgrounds exceed the signal. This points
to the need for further work to help reduce these backgrounds further.

The larger IP8 crossing angle allows placing its ZDC closer to the interaction point which
increases its acceptance. The inclusion of secondary focus in the beam optics squeezes
the hadron beam to a width of below 1 mm in both horizontal and vertical axes. This
allows placing a set of Roman Pot tracking detectors just around the secondary focus
region to dramatically increased acceptance for forward protons and ion, as compared
to what is possible at IR6. Therefore, IP8 offers an extended coverage for tagged ions
/ protons up to xp = 0.99, which increases the physics impact of exclusive processes
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Diffractive eA: study of exclusive J/ѱ production in ePb 

• exactly three tracks in ECCE detector

• requirement on far-forward detector signals
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diffractive peak, by which point the BeAGLE backgrounds exceed the signal. This points
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increases its acceptance. The inclusion of secondary focus in the beam optics squeezes
the hadron beam to a width of below 1 mm in both horizontal and vertical axes. This
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Diffractive eA: study of exclusive J/ѱ production in ePb 

• exactly three tracks in ECCE detector

• requirement on far-forward detector signalsFigure 43: IP8 configuration layout.
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Figure 44: Background veto efficiency plot for the ePb diffractive J/y electroproduction
study with IP6 and IP8 configuration, note that the IP8 distribution is shaded in yellow.
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Diffractive eA: study of exclusive φ production in ePb 
→ higher sensitivity to gluon saturation than J/ѱ


a Crystal Ball function parameterization of the latest, fixed version of the actual proposed
EEMC detector. As is seen, the more realistic resolution, e.g. with realistic tails, certainly
worsens the distinguishiability between the Saturation and non-Saturation scenarios, but
only slightly. We can expect after more optimization of the detector configurations and
analysis (for example reduction of support material in front of EEMC, or AI assisted
tracking, kinematic fitting applied to the phi reconstruction) the expected performance of
ECCE will be somewhere in between the two cases in the previous two figures.

Figure 51: Sartre generated ttrans distribution for Saturated and Non-saturated events.
The truth t here (top panel) corresponds to the reconstructed sample rather than
the total generated samples of events shown in the previous figure 43. The nominal
PbWO resolution r6 reconstruction, the same as in Figure 49, are used for both
(bottom panel).

59

Figure 52: Same Sartre truth and reco comparisons between Saturated and Non-
saturated scenario as in Fig. 51 but with ECCE Actual Full Sim EEMC Crystal Ball
parameterization for r6 reconstruction.

5.6 BeAGLE Studies and Background Level

Methods for using the Far Forward detectors for veto-ing the incoherent events in the
BeAGLE samples are demonstrated in the J/Y eA Diffraction note in [9]. For J/Y, as
shown there, the incoherent background can be reduced low enough to allow a clean
t-spectra out to the fourth maximum, third minimum. This should be sufficient to allow
the distinction of saturation effects as shown above. Although those studies are for J/Y,
Figure 53 shows very similiar rejection behavior, as shown there, for a similar veto-ing cut
(though stricter as it requires hits in the all the FF detectors except the B0). So there is no
reason to believe that similar, probably the identically same vetoing cuts can be made for
the f measurement with similar success.

60

• Search for saturation via shift in t spectrum

• Optimisation of detector configuration 

and analysis: expected performance in 
between ‘EEMC-Full Sim’ and ‘Ideal 
EEMC’
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Exclusive J/ѱ photo-production in ep and eAu 

Figure 11: Gluon nuclear shadowing factor as function of momentum fraction x.

This shows the excellent capability of constraining gluon nPDF with the exclusive J/y
measurements at ECCE.

6.2 Probe the gluon spatial distribution

The Pomeron is the exchange object for diffractive process and diffraction generally is
sensitive to gluon spatial distribution. And the momentum transfer from the target in
the exclusive J/y photoproduction is sensitive to the production site, which provides us
a powerful tool to infer the spatial distribution of gluon in both proton and nucleus. In
the simulation, we made a projection of t distribution for the processes in 10 ⇥ 100 (GeV)
e+Au collisions with both coherent and incoherent J/y photoproduction. The results are
shown in Fig.12, the red and and blue curves are the coherent and incoherent contributions
from calculations, respectively. One can clearly observe the diffraction dips in the coherent
contribution, which is related to the size of gluon distribution in nucleus. The solid data
points are the projected results from simulation, in which the statistical uncertainty is
negligible. However, due to the momentum smearing from the detector, the slope of the
distribution is slightly different from that of theoretical calculations and the diffraction
dips are fold out. This suggests that the detector response should be precisely determined
to extract the gluon spatial distribution.

At low Q
2 0-1 GeV

2 for photoproduction, larger Q
2 1-3 GeV

2 and 3-10 GeV
2, the t distribu-

tion is illustrated in Fig. 13 with the systematical error and the statistical error given as
Sec.6.1 but not fitting the selected events. The systematical uncertainty is determined by
the maximum deviation for truth and the reconstructed distribution. Based on it we can
get the relative uncertainty 5% and add it to the plot.

13

statistical uncertainty only

• ratio eAu and ep measurements →

constrain nuclear PDFs in low x region where 
uncertainties at present are large

At low xB: approximate access to gluon PDF 

d�

dt
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Summary
• ECCE can address various low-x physics topics through: 


• Precise inclusive (spin-dependent) DIS measurements via high-resolution EM calorimeters.


• Measurements for 3D (spin-dependent) tomography in momentum space provided by 

   good Cherenkov-based and TOF AC-LGAD hadron PID detectors and tracking.


•  Very good jet resolution via 1.4 T field, thin magnet, good hadron calorimetry: 

•Semi-inclusive DIS: 3D momentum tomography

•Study of nuclear matter via heavy-flavour production and di-hadron correlations in jets.


•  Diffractive and exclusive measurements with coherent/incoherent separation via

very precise EM calorimeters and forward detector system.



Back up
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Spin structure: transversity
of unpolarized partons within a transversely polarized nucleon. It thus provides a three-dimensional
momentum image of the partons in such a nucleon. The Collins asymmetries are used to extract the quark
transversity distribution, describing the distributions of transversely polarized quarks in a transversely
polarized nucleon. The quark transversity distribution is one of the three leading twist distribution functions
of the nucleon.

Figure 3.5: Top: Example of the expected uncertainties of the Collins asymmetries in a few selected kinematic
bins as a function of z. Bottom left:Up and down quark transversity distributions as obtained at present [50], as
well as when including the ECCE pseudo data. Bottom middle: Uncertainties on the favored and disfavored
Collins fragmentation functions when including the ECCE pseudo-data. Bottom right: Expected uncertainties
on the tensor charges in comparison of ECCE pseudo data to Yellow-Report expectations as well as existing
knowledge and Lattice QCD calculations [51, 52].

ECCE’s ability to study both Collins and Sivers asymmetries via measurements of single transverse spin
asymmetries has been studied in SIDIS reactions [53]. Specifically, the single hadron asymmetries were
obtained in azimuthal moments in combinations of the azimuthal angles of the hadron transverse momentum
and transverse spin of the nucleon relative to the lepton scattering plane. As azimuthal angles are well
measured by the ECCE detector, most of the smearing of these asymmetry extractions comes from the
smearing in the DIS kinematic variables (x, Q2) and the detected hadrons fractional energy (z) and transverse
momentum (pT).

The expected uncertainties of the Collins asymmetries are shown in Fig. 3.5 (top) for one beam energy,
selected bins in x and Q2 and 10 fb�1 of data. Fig. 3.5 (bottom) shows the expected reduction of the
uncertainties of the up and down quark transversity distributions and the favored and disfavored Collins
fragmentation functions. As can be seen, the impact of the ECCE pseudo data is comparable to the generic,
parametrized, detector capabilities that were used in the equivalent Yellow Report studies. We note that
while concentrating on Collins asymmetries, our conclusions also hold for Sivers asymmetries discussed in
the 3D structure section 3.2 below.

3.2 Three-Dimensional structure of nucleons and nuclei

The EIC will enable the extraction of full tomographic images of the nucleons and nuclei and their internal
constituents in the low�x kinematic region. In doing so it will dramatically enhance our knowledge and
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transversity distribution, describing the distributions of transversely polarized quarks in a transversely
polarized nucleon. The quark transversity distribution is one of the three leading twist distribution functions
of the nucleon.

Figure 3.5: Top: Example of the expected uncertainties of the Collins asymmetries in a few selected kinematic
bins as a function of z. Bottom left:Up and down quark transversity distributions as obtained at present [50], as
well as when including the ECCE pseudo data. Bottom middle: Uncertainties on the favored and disfavored
Collins fragmentation functions when including the ECCE pseudo-data. Bottom right: Expected uncertainties
on the tensor charges in comparison of ECCE pseudo data to Yellow-Report expectations as well as existing
knowledge and Lattice QCD calculations [51, 52].

ECCE’s ability to study both Collins and Sivers asymmetries via measurements of single transverse spin
asymmetries has been studied in SIDIS reactions [53]. Specifically, the single hadron asymmetries were
obtained in azimuthal moments in combinations of the azimuthal angles of the hadron transverse momentum
and transverse spin of the nucleon relative to the lepton scattering plane. As azimuthal angles are well
measured by the ECCE detector, most of the smearing of these asymmetry extractions comes from the
smearing in the DIS kinematic variables (x, Q2) and the detected hadrons fractional energy (z) and transverse
momentum (pT).

The expected uncertainties of the Collins asymmetries are shown in Fig. 3.5 (top) for one beam energy,
selected bins in x and Q2 and 10 fb�1 of data. Fig. 3.5 (bottom) shows the expected reduction of the
uncertainties of the up and down quark transversity distributions and the favored and disfavored Collins
fragmentation functions. As can be seen, the impact of the ECCE pseudo data is comparable to the generic,
parametrized, detector capabilities that were used in the equivalent Yellow Report studies. We note that
while concentrating on Collins asymmetries, our conclusions also hold for Sivers asymmetries discussed in
the 3D structure section 3.2 below.

3.2 Three-Dimensional structure of nucleons and nuclei

The EIC will enable the extraction of full tomographic images of the nucleons and nuclei and their internal
constituents in the low�x kinematic region. In doing so it will dramatically enhance our knowledge and
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while concentrating on Collins asymmetries, our conclusions also hold for Sivers asymmetries discussed in
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Open heavy-flavour production

3 Results

3.1 Flavor dependent ReAu

The flavor dependent nuclear modification factor ReAu have been determined from the
extracted reconstructed heavy flavor hadron and jet yields detailed in Chapter 2.2. As we
don’t have a well defined e+Au event generator yet, the heavy flavor hadron/jet spectrum
in e + Au collisions are the nucleus mass number (A) scaling of the related e + p spectrum.
The projected hadron momentum fraction zh dependent ReAu statistical uncertainties with
the ECCE detector performance in 10+100 GeV e + p and e + Au collisions are shown in
FIG 6.
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Figure 6: Reconstructed hadron momentum fraction zh dependent nuclear modification
factor ReAu for p±, D± and B± with the ECCE detector performance in 10+100 GeV e + p
and e + Au collisions. The tracking performance is evaluated with the Babar magnet. The
integrated luminosity for e + p (e + Au) collisions is 10 f b�1 (500 pb�1).

A different magnet option: Beast magnet has been used to reevaluated the tracking
performance with the same detector geometry. The corresponding projected momentum
fraction zh dependent nuclear modification factor ReAu for reconstructed p±, D± and B±

hadrons with the same ECCE detector geometry but with the Beast magnet is shown in
Figure 7

The difference between the two magnet options for the projected momentum fraction zh
dependent nuclear modification factor ReAu for reconstructed p±, D± and B± hadrons are
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GeV e + p collisions. The integrated luminosity is 10 f b�1.
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Jet resolution

for energy and momentum, and

O
reconstructed � O

truth
(3)

for spatial variables, where O is the observable. From this distribution, the mean and

standard deviation are calculated, corresponding to the scale and resolution respectively

of the observable. To study the response as a function of energy, the spectra was broken

into 5 GeV bins, and the scale and resolution calculated for each. An example of the 10-15

GeV/c bin for tracked jet momentum is shown in figure 1.
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is still very good, and as long as it is well

characterized it can be corrected for with

calibrations.

0 20 40 60 80 100
 (GeV/c)jetp

0

0.2

0.4

0.6)
tru

e
) /

 p
tru

e
 - 

p
re

c
((p

σ

 < -1.5η-3.5 < 
 < 1.5η-1.5 < 

 < 3.5η1.5 < 

p Resolution
>1002Pythia 8, ep 18x275, Q

 = 0.5, Track JetsR, Tkanti-
z < 0.95, pT < 30
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Figure 2: The scale and resolution of the momentum of track jets.

As seen in figure 2a, the jet momentum scale is better than -0.15 across entire detectors

acceptance. This, in combination with the momentum resolution better than 0.2 as shown

in figure 2b opens up the ability to study charged jets in great detail, especially those with

a momentum below 50 GeV/c.

3

0 20 40 60 80 100
 (GeV/c)jetp

0

0.1

0.2

0.3))
tru

e
η

 - 
re

c
η((

σ

 < -1.5η-3.5 < 
 < 1.5η-1.5 < 

 < 3.5η1.5 < 

 Resolutionη
>1002Pythia 8, ep 18x275, Q

 = 0.5, Track JetsR, Tkanti-
z < 0.95, pT < 30

(a) Track jet h resolution

0 20 40 60 80 100
 (GeV/c)jetp

0

0.1

0.2

0.3))
tru

e
Φ

 - 
re

c
Φ((

σ

 < -1.5η-3.5 < 
 < 1.5η-1.5 < 

 < 3.5η1.5 < 

 ResolutionΦ
>1002Pythia 8, ep 18x275, Q

 = 0.5, Track JetsR, Tkanti-
z < 0.95, pT < 30

(b) Track jet f resolution

Figure 3: The spatial resolution of track jets. The resolution in both pseudorapidity and

azimuthal angle is very good, which is important for correlating jets to the scattered electron

for studying parton kinematics.

In addition to the excellent momentum scale and resolution the ECCE tracking system

offers, the detector offers very good spatial resolution of jets (Figure 3).
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Figure 4: The scale and resolution of the energy of calorimetry jets.
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Figure 5: The spatial resolution of calorimetry jets. Since jet matching is done in h � f space,

the poor energy scale for the central and backward regions should have a minimal affect on

the spatial resolution.
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Diffractive eA: study of exclusive J/ѱ production in ePb 
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Figure 29: Reconstructed J/y mass using tracks associated with opposite-charge pairs of
muons (left) and electrons (left).

• G4-input level - where the truth tracks are used after being modified to account for
crossing angle, beam divergence and crab divergence.

• track level - where the reconstructed tracks are used for the J/y and DIS kinematics.

• track+e
0
sm level, where reconstructed tracks are used for the J/y and the truth scat-

tered electron track (e0) is the truth e’ smeared by the simulated EEMC response.
This uses a crystal ball function with a s of about 1% and downward fluctuations of
several percent.

5.4.2 Mass reconstruction and decay properties

The quality of the mass reconstruction is shown in Fig. 29, and is found to be similar for
muons and electrons, with the only observable difference stemming from the low radiative
tails in the electron case.

5.4.3 t reconstruction

The goal of this study is the measurement of the momentum transfer between the incoming
and outgoing ions in diffractive events: t = (pA � pA0)2. Immediately this raises the issue
that the momentum transfer is so small, that the nuclear trajectory is nearly unmodified,
and so it cannot be directly measured. This implies that t is only accessible through precise
measurements of the J/y and the scattered electron instead. From the overall statement of
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Figure 43: IP8 configuration layout.
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Figure 44: Background veto efficiency plot for the ePb diffractive J/y electroproduction
study with IP6 and IP8 configuration, note that the IP8 distribution is shaded in yellow.
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Figure 2.8: Pion DCA2D resolutions (data points), which is compared to the EIC YR PWG requirement (dashed
lines). The ECCE DCA resolution is consistent with YR requirements.

tracking momentum resolution in the central barrel as well as at large pseudo-rapidities (|h| > 1.5) is largely
unaffected.
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Figure 2.9: The momentum dependence of the tracker momentum resolution for the ECCE reference tracker
design (ECCE Simulation, blue solid circles) and for the projective mechanical support design of the ECCE
ongoing project R&D that will continue after the proposal (red solid circles). The latter shows a reduction of the
impact of readout and services on the tracking resolution. Note that the backward region (left panel) relies on the
EM calorimeter, and thus a resolution larger than the EIC YR PWG requirement is acceptable.
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