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• It's been a long time since we discovered that the matter we see is made of quarks

• It is becoming possible to control several nuclei at will (Nanotechnology)

• The time will surely come when the nucleus itself must be designed as we wish (Femtotechnology)

– For example, the speed of growth of integrated circuits, stability of Quantum Computers, and so on…
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Atom Nucleus Nucleon Quark/GluonWater droplet Molecule

• It's been a long time since we discovered that the matter we see is made of quarks

• It is becoming possible to control several nuclei at will (Nanotechnology)

• The time will surely come when the nucleus itself must be designed as we wish (Femtotechnology)

– Quantum technology (Designing matter, quantum computers, and so on…)

A complete understanding of how quarks and gluons form nuclei is essential to the realization of 

”Fermtotechnology”

Femtotechnology



How to “see” inner structure of nucleus/nucleon
• DIS (Deep Inelastic Scattering) is a clean method to “see” the inner structure of nucleus and 

nucleon

• QED plays a main role in the process

• The process can be categorized as follows,
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Semi-Inclusive DIS

Precise detection of 
scattered electron in 
coincidence with at the 
least 1 hadron

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Deep Exclusive DIS

Detect all particles in 
event

CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

Charged Current DIS

Event kinematic from final 

state particles (Jacquet-
Blondel method)
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• DIS (Deep Inelastic Scattering) is a clean method to “see” the inner structure of nucleus and 
nucleon


• QED+pQCD plays a main role in the process

• The process can be categorized as follows,

The physics accessible in each process is different

Exhaustive measurements can reveal how nuclei and nucleons are composed of partons

Neutral Current DIS

Detection of scattered 

electron with high-
precision event kinematics
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Electron-Ion Collider
• World’s first polarized electron-proton and electron-nucleus collider

– For e-p/A collisions at the EIC

• Polarized beams: e, p/d/3He…Cu/Au/U (Wide range of nuclei)

• Luminosity ~ 1033 - 1034 cm-2s-1  = 10 - 100 fb-1/year  

• 29 - 140 GeV (Variable √s)


• Brookhaven National Lab was selected as the site in 2020


• EIC Critical Decision (CD) Plan

– 2020: Approve Mission Need (CD-0) 

– 2021: Approve Alternative Selection and Cost Range (CD-1)

– 2024: Approve Performance Baseline (CD-2)

– 2025: Approve Final Design (CD-3)
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The EIC is a unique project, the world’s only one approved for the ultimate understanding of QCD

Most likely, the only novel high-energy collider in the next 15-20 years
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THE PATH TO THE EIC PROJECT

Fresh news

2021

Slide from Silvia’s talk at CERN last week



ePIC Collaboration
• ePIC is the only experiment approved for construction at EIC

– electron-Proton/Ion Collider = ePIC

– >650 members, 177 institutes, 26 countries

– 45% North America, 37% Asia, 27% Europe, 4% Africa 


• ePIC was founded in 2022 as a merging ECCE, CORE and ATHENA


• The detector will be installed at IP6 (currently in use by STAR)
8

The ePIC Collaboration
ePIC Institutions  ePIC countries  ePIC World Regions
         177                                                    26                                           4
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8

The ePIC Collaboration
ePIC Institutions  ePIC countries  ePIC World Regions
         177                                                    26                                           4

IP6

The ePIC collaboration is the strongest team from all over the world to achieve all possible 
physical targets at EIC
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
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or a gluonic phase with universal properties in all nuclei and even in nucle-
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or a gluonic phase with universal properties in all nuclei and even in nucle-
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● Meets EICUG Yellow Report 
design requirements

● Backward momentum 
resolution complemented 
by calorimetric resolution

Technology

ITS3 MAPS based Si-detectors: 
● O(10µm) pitch, X/X0 ∼ 0.05 − 

0.55%/ layer 
Gaseous tracker: 

● σ = 55 µm, X/X0 ∼ 0.2%/layer
AstroPix outer tracker layer:

● 500µm pixel pitch (σ = 144 µm)
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Simulated performance

First “μITS3” assembly at CERN

Cylindrical μMega
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Calorimeter Performance
• EMCal plays a very important role in scatted electron 

measurement 

– e’ distributes η<-2 region with E>10 GeV


• γ merging from π0 starts p~35 GeV/c with the 
imaging EMCal


• High-pT jet is generated at the forward region

Yellow Report: DIS Physics with ECals

e-going barrel h-going

EIC Pythia8 e+p 18x275 GeV
DIS Q2 > 1 GeV2

electrons

Inclusive DIS:
scattered electron mostly backwards
and in barrel

electron energy ranges up to beam
energy in backward and even higher
in barrel

electrons in barrel correspond to
high Q2 events

electron PID needed due to � and
⇡± BG at low energies

Semi-inclusive DIS:
⇡0 ! �� reconstruction needed

momenta up to 10 GeV/c in barrel
(higher in forward)

granularity requirement to prevent
merging of photon showers

Exclusive DIS:
measurement of DVCS photons,
J/ !ee, and more

signal over wide rapidity range

hermetic coverage necessary

N. Schmidt (ORNL) Detector 2 Workshop May 18, 2023 1 / 12
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F. Bock, Hard Probes 2023

Performance on energy resolution and matching
● Technologies fulfill YR requirements on energy resolution
● Ongoing simulation studies related to overlaps between different η 

regions for calorimetry and reconstruction algorithms

Ongoing work on Monte-Carlo validation
● Validation for high Z absorbers

e-going E reso.
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BIC Performance

• Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
• Method: E/p cut (Pb/ScFi) + Neural Network using 3D position and energy info from imaging layers

• Discriminate between $0 decays and single % from DVCS, identification
• Precise position resolution allows for excellent separation of "/#0 based on 3D shower profile
• Separation of two " from #0 well above required 10 GeV
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Figure 8.40: Jet pT vs pseudorapidity for beam energies of 10x100 GeV (top row) and
18x275 GeV (bottom row) and 10�5 < Q2 < 1.0 GeV2 (left column) and 10 < Q2 <
1000 GeV2 (right column). The jet resolution parameter used is 0.4. Counts have been scaled
to correspond to an integrated luminosity of 10 fb�1.

large and tracking resolution is expected to degrade. It is therefore anticipated that
charged tracks (which comprise roughly two-thirds of the energy contained in an
average jet) will be the dominant input to the jet-finding algorithms. The superior
pointing resolution for tracks compared to calorimeter clusters will also be critical
for jet substructure and event shape measurements where the spatial distribution
of energy is an explicit aspect of the observable. Charged tracks are also indispens-
able to the study of heavy flavor states, where the invariant mass of (identified)
track combinations is used to tag heavy hadrons. The ability to accurately recon-
struct track trajectories also allows for the identification of the secondary vertex
associated with the decaying heavy particles which aids in background suppres-
sion.

Momentum resolution

Over the course of the Yellow Report effort, several sets of track momentum res-
olution parameters, representing reasonable assessments of potential tracker per-
formances, were made available and were evaluated by the Jets and Heavy Quarks
group. These resolutions were parameterized in the form A% ⇥ P � B%, where P
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Scattered electron e-going E reso.

Jet kinematics LFHCal simulations
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No strong ⌘ or ' performance dependence

Standalone standard LFHCal performance su�cient to ⌘ ⇡ 3.2
complemented by insert beyond that

Ongoing studies to improve clusterization algorithm using ML
started during several workshops

I ePIC Calorimeter Workshop (Apr. 23’)
I HGS-HIRe Power Week - Machine Learning (Jul. 23’)
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O. Hartbrich (ORNL) LFHCAL November 7, 2023 7 / 15

LFHCal energy reso.

BIC Performance

• Separation of electrons from background in Deep Inelastic Scattering (DIS) processes
• Method: E/p cut (Pb/ScFi) + Neural Network using 3D position and energy info from imaging layers

• Discriminate between $0 decays and single % from DVCS, identification
• Precise position resolution allows for excellent separation of "/#0 based on 3D shower profile
• Separation of two " from #0 well above required 10 GeV
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PID Detector Performance
• Electron identification, electron-pion separation at low momentum (high-y) complementary to the 

electromagnetic calorimeter

• Hadron identification, pion-kaon-proton separation for SIDIS and heavy flavor physics

12
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Hyperon decay hadron kinematics
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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• Hadron identification, pion-kaon-proton separation for SIDIS
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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Figure 8.42: Momentum vs pseudorapidity for the decay products of D0 mesons for beam
energies of 10x100 GeV (top row), 18x100 GeV (middle row), and 18x275 GeV (bottom
row). Charged pions are in the left column, charged kaons in the middle column, and elec-
trons/positrons in the right column. Counts have been scaled to correspond to an integrated
luminosity of 10 fb�1.

10 GeV/c. The event Q2 range was limited to between 100 and 1000 GeV2, but
jets in the photoproduction region show the same behavior. The JES is taken as
the mean of the smeared jet energy minus the true jet energy divided by the true
jet energy distribution while the JER is the RMS. Note that for this comparison,
the same set of minimum pT thresholds were used in order to isolate the variation
due to track momentum resolution. Also note that the matching procedure used
was to select each truth level jet above the pT threshold of 10 GeV/c and then loop
through all smeared jets in the event to find the one closest in h � f space. This
shows the extent that a truth level jet will be distorted by detector effects. This can
also be inverted such that smeared jets above threshold are selected and all truth
level jets are looped over to find the closest. In this case, the JES and JER will re-
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CHAPTER 2. PHYSICS MEASUREMENTS AND REQUIREMENTS 7

Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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– Parent particles can be reconstructed 


• OMD can detect 40%~65% momentum proton w.r.t steering magnet

• RPs can detect 60 - 95% momentum, proton

• ZDC can detect neutron/photon
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• 27cm spacing with fully AC-LGAD 
system and 5% radiation length 
may be the most-realistic option.

• Needs to be looked at with proper 
field map and layout.

• Is this resolution going to be a 
problem?

• Note: p resolution is ~ 2-4%, 
depending on configuration.

B0 tracking reso.

• B0 detector can reconstruct charged particles and photons at 
4.6<η<5.9 region by using a bending magnet

– Parent particles can be reconstructed 


• OMD can detect 40%~65% momentum proton w.r.t steering magnet

• RPs can detect 60 - 95% momentum, proton

• ZDC can detect neutron/photon
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.
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Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.
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X
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Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.
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γ∗
h, …
⎫
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⎭
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Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.
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h,γ
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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system and 5% radiation length 
may be the most-realistic option.

• Needs to be looked at with proper 
field map and layout.

• Is this resolution going to be a 
problem?

• Note: p resolution is ~ 2-4%, 
depending on configuration.
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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ical for all processes to determine the event kinematics.
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at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.
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Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.
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Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.
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Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.
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Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.
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⎫
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⎭
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Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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• Is this resolution going to be a 
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• Note: p resolution is ~ 2-4%, 
depending on configuration.
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.
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requires measurement of at least one identified hadron
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e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.
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• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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• Each case includes all beam effects.
• Updated transfer matrix reconstruction – not used in 

eRD24 studies.
• Material thickness has not been evaluated in detail, but of 

course additional material will degrade resolution.

High-acceptance only

• Goal is to extract slope of t-distribution.
• Ratio indicates expected capability.

RPs/OMD trackingreso.
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?

6 - 8% 

3 - 6% 
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Figure 8.73: The generated pT vs pseudorapidity of the recoil protons for the 5 ⇥ 41 GeV
(left) and 18 ⇥ 275 GeV (right) collision energies, for BH events at an integrated luminosity
of 10 fb�1.
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Figure 8.74: Dt (generated - reconstructed) distributions, where t = (q0 � q)2 (left, showing
in light purple all events and in dark blue those where a proton had also been reconstructed)
and t = (p0 � p)2 (middle) for the 5 ⇥ 41 GeV and 18 ⇥ 275 GeV (right) collision energies.
At the highest collision energy, t can only be reconstructed using the proton. BH events at
an integrated luminosity of 10 fb�1.

The recoil proton detection occurs through a combination of forward and far-
forward detector elements. For increasing collision energy, the recoil becomes
increasingly forward. Figure 8.76 shows recoil pT as a function of the recoil po-
lar angle q. The dashed line shows a nominal pT cutoff below 200 MeV, which
does not substantially impact the detector’s physics reach. Comparing the lower
and higher beam setting in this figure, we will need a smooth transition between a
forward B0-style detector into a Roman Pot-like system.

Fig. 8.77 shows Q2 as a function of pseudorapidity h. The orange box corre-
sponds to a nominal central detector covering |h| < 3.5, while the magenta box
corresponds to a nominal low-Q2 tagger accepting �6.9 < h < �5.8. The cen-
tral detector acceptance is sufficient for all configurations to accept events from
Q2 > 0.1GeV2 to large values of Q2. The lower limit of h > �3.5 is restrictive for
photoproduction events in the main detector, especially for higher collision ener-
gies. The photoproduction of DVMP at higher energies will completely depend on
the low-Q2 tagger unless a significant enhancement of the backward region’s elec-
tron acceptance is possible. More acceptance in the low Q2 tagger would directly
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Various settings with new technology + material 
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• 27cm spacing with fully AC-LGAD 
system and 5% radiation length 
may be the most-realistic option.

• Needs to be looked at with proper 
field map and layout.

• Is this resolution going to be a 
problem?

• Note: p resolution is ~ 2-4%, 
depending on configuration.
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• Each case includes all beam effects.
• Updated transfer matrix reconstruction – not used in 

eRD24 studies.
• Material thickness has not been evaluated in detail, but of 

course additional material will degrade resolution.

High-acceptance only

• Goal is to extract slope of t-distribution.
• Ratio indicates expected capability.

B0 tracking reso. RPs/OMD trackingreso.

• B0 detector can reconstruct charged particles and photons at 
4.6<η<5.9 region by using a bending magnet

– Parent particles can be reconstructed 


• OMD can detect 40%~65% momentum proton w.r.t steering magnet

• RPs can detect 60 - 95% momentum, proton

• ZDC can detect neutron/photon

OMD

+ RPs

+ ZDC

14

6 - 8% 

3 - 6% 
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The ePIC detector is a masterpiece of semi-conductor technology = “nanotechnology”
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Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17



Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17



Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17



Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17



Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17



Summary
• Mankind will not be able to take the next step unless it can manipulate quarks and gluons at will


• EIC is the only machine to open the “Femtotechnology” era


• The ePIC collaboration is the first experiment to start measurement at EIC


• The ePIC detector is a masterpiece of modern technology

– Tracking, PID and calorimetry cover   


• Japanese team plays important roles in the collaboration

– Detector R&D: AC-LGAD TOF and ZDC

17

The EIC is a significant experiment that will satisfy our intellectual curiosity 
and create a new era for mankind!



Thank you!
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Experimental Process to Access EIC Physics
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Neutral Current DIS

Detection of scattered 

electron with high-
precision event kinematics

Charged Current DIS

Event kinematic from final 

state particles (Jacquet-
Blondel method)

Semi-Inclusive DIS

Precise detection of 
scattered electron in 
coincidence with at the 
least 1 hadron

Deep Exclusive DIS

Detect all particles in 
event

Parton Distributions 
in  nucleons and 

nuclei

Spin and Flavor 
Structure of 

nucleons and nuclei

Tomography 
Transverse  

Momentum Dist.

QCD at Extreme 
Parton Densities - 

Saturation

Tomography 
Spatial 


Imaging

QCD at Extreme 
Parton Densities - 

Saturation

∼ 1 fb−1
∼ 10 fb−1 ∼ 100 fb−1
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Table 2.1: Different categories of processes measured at an EIC (Initial state: Colliding elec-
tron (e), proton (p), and nuclei (A). Final state: Scattered electron (e0), neutrino (n), photon
(g), hadron (h), and hadronic final state (X)).

Neutral-current Inclusive DIS: e + p/A �! e0 + X;
for this process, it is essential to detect the scattered
electron, e0, with high precision. All other final state
particles (X) are ignored. The scattered electron is crit-
ical for all processes to determine the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Charged-current Inclusive DIS: e + p/A �! n + X;
at high enough momentum transfer Q2, the electron-
quark interaction is mediated by the exchange of a W±

gauge boson instead of the virtual photon. In this case
the event kinematic cannot be reconstructed from the
scattered electron, but needs to be reconstructed from
the final state particles.

p

e ν

W

X
⎫
⎬
⎭

Semi-inclusive DIS: e + p/A �! e0 + h±,0 + X, which
requires measurement of at least one identified hadron
in coincidence with the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A �! e0 + p0/A0 + g/h±,0/VM,
which require the measurement of all particles in the
event with high precision.

p

e eʹ

γ∗

h,γ

pʹ

• How does a dense nuclear environment affect the dynamics of quarks and
gluons, their correlations, and their interactions? What happens to the gluon
density in nuclei? Does it saturate at high energy, giving rise to gluonic matter
or a gluonic phase with universal properties in all nuclei and even in nucle-
ons?
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20 2.11. SUMMARY OF DETECTOR REQUIREMENTS
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Figure 2.2: Schematic showing the distribution of the scattered lepton and hadrons for dif-
ferent x � Q2 regions over the detector polar angle / pseudorapidity coverage.

semi-inclusive DIS, and exclusive DIS. Those basic processes are shown in Table 2.1
For the following summary, and throughout this document, the beams’ directions
follow the convention used at the HERA collider at DESY: the hadron beam travels
in the positive z-direction/pseudorapidity and is said to be going ”forward.” The
electron beam travels in the negative z-direction/pseudorapidity and is said to be
going ”backward” or in the ”rear” direction.

All physics processes to be measured at an EIC require having the event and parti-
cle kinematics (x, Q2, y, W, pt, z, f, q) reconstructed with high precision. Kinematic
variables such as x, Q2, y, and W can be determined from the scattered electron or
the hadronic final state using the Jacquet-Blondel method [30] or a combination of
both. The electron method provides superior resolution performance for x and y
in the low x region, while the Jacquet-Blondel method yields increased resolution
performance for x and y towards large x values. To access the full x � Q2 plane at
different center-of-mass energies and for strongly asymmetric beam-energy com-
binations, the detector must be able to reconstruct events over a wide span in polar
angle (q) and pseudorapidity (h). This imposes stringent requirements on both de-
tector acceptance and the resolution of measured quantities such as the energy and
polar angle in the electron-method case.

• Precise primary and secondary vertex determination

– Heavy flavor hadron and hyperon reconstruction


• Precise low-mass tracking at an extensive range

– Good low momentum resolution 


• Particle identification at an extensive range

– π / K / p separation


• High-resolution EMCal covering a very wide rapidity region

– Scattered electron identification and kinematic determination


• Reasonable resolution HCal covering a very wide rapidity region

– Neutral hadron, n / K0L identification for PFA (full jet reco.)


• Far-Forward and Far-Backward detectors

– Large acceptance for diffraction, tagging neutrons from nuclear 

breakup

Precise vertex, tracking, PID, and calorimetry, hermetic detector system (|η|>0, |φ|<π)

Expected radiation 1010 neq/cm2 at EIC

(1015-16 neq/cm2 at HL-LHC)
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Example: EM 
Calorimetry Requirements

1/16/2023 J. Lajoie - Epiphany 2023 29

Electron/photon PID, energy, angle/position:
Coverage (in rapidity and energy), resolution, e/𝜋𝜋, granularity, 
projectivity

DIS e

MILOU DVCS
e+p 18×275 GeV

DVCS photons
SIDIS π0

PYTHIA
18 x 275 GeV

h-endcape-endcap Barrel
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