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Official ZDC Design : Crystal ECAL + HCAL

2026/05/01 ZDC MC status (Taiwan Group)

ECAL

1. LYSO Crystal

2. 20*20 cells 

3. 3cm*3cm*7cm / cell

4. 60cm*60cm

5. 7cm ~ 6.5X0 in Z

HCAL : sampling calorimeter

1. 1 layer = steel + scintillator tile + SiPM

2. 64 layers, 8 slice/layer

3. 65cm in X, 60cm in Y, 163cm in Z

Beam line

ZDC = ECAL + HCAL

• Official MC is used : 

ECAL crystal + HCAL SiPM-on-tile
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Relocate Detector and Beam Position

2026/05/01 ZDC MC status (Taiwan Group)

• Only ZDC in MC 

• ZDC is aligned straight along z-dir.

• Gun moves in front of ZDC.

• Spread beam 

- 25 degree opening angle

- 1 GeV – 40 GeV gamma

- 20 GeV – 300 GeV neutron

Beam profile on ECAL surface

(300 GeV neutron )

Beam profile on HCAL surface

(300 GeV neutron)
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Energy Resolution

And 

Energy Bias

Energy Reconstruction
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Energy Dump

2026/05/01 ZDC MC status (Taiwan Group)

• 1 - 40 GeV gamma beam : Most of energy dumped in ECAL ~ 20% to 60%.

• 20 – 300 GeV neutron beam : Not much energy dumped in scintillator tile, only 3% to 6%.

1 - 40 GeV Gamma

Beam VS ECAL/Beam Beam VS HCAL/Beam
Beam VS 

(ECAL + HCAL)/Beam

20 - 300 GeV Neutron
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Different Kinds of Energy Regression

2026/05/01 ZDC MC status (Taiwan Group)

• Fitting Functions

- Linear function :               𝑬𝒓𝒆𝒄 = 𝒑𝟎 + 𝒑𝟏 ∗ 𝑬𝑬𝑪𝑨𝑳 + 𝒑𝟐 ∗ 𝑬𝑯𝑪𝑨𝑳

- Linear function w/ ratio :  𝑬𝒓𝒆𝒄 = 𝒑𝟎 + 𝒑𝟏 ∗ 𝑬𝑬𝑪𝑨𝑳 + 𝒑𝟐 ∗ 𝑬𝑯𝑪𝑨𝑳 + 𝒑𝟑 ∗ 𝑬𝑯𝑪𝑨𝑳/(𝑬𝑬𝑪𝑨𝑳 + 𝑬𝑯𝑪𝑨𝑳)

- Quadratic function :         𝑬𝒓𝒆𝒄 = 𝒑𝟎 + 𝒑𝟏 ∗ 𝑬𝑬𝑪𝑨𝑳
𝟐 + 𝒑𝟐 ∗ 𝑬𝑯𝑪𝑨𝑳

𝟐

• Weighting (Events enter fitting with a  certain weight)

- Equal weighting  : 𝒘𝒆𝒊𝒈𝒉𝒕𝒊𝒏𝒈 = 𝟏 (all the events are equal)

- Square-root of beam energy : 𝒘𝒆𝒊𝒈𝒉𝒕𝒊𝒏𝒈 = 𝑬𝒃𝒆𝒂𝒎 (higher energy beam has more weight)

1GeV Gamma

𝐸𝑟𝑒𝑐/𝐸𝑏𝑒𝑎𝑚

𝑳𝒊𝒏𝒆𝒂𝒓 𝒆𝒏𝒆𝒓𝒈𝒚 𝒓𝒆𝒈𝒓𝒆𝒔𝒔𝒊𝒐𝒏

𝑬𝒓𝒆𝒄 = 𝒑𝟎 + 𝒑𝟏 ∗ 𝑬𝑬𝑪𝑨𝑳 + 𝒑𝟐 ∗ 𝑬𝑯𝑪𝑨𝑳

𝑭𝒊𝒕 𝑬𝒓𝒆𝒄 𝒘𝒊𝒕𝒉 𝒅𝒐𝒖𝒃𝒍𝒅－𝒔𝒊𝒅𝒆 𝒄𝒓𝒚𝒔𝒕𝒂𝒍 𝒃𝒂𝒍𝒍 𝒇𝒖𝒏𝒄𝒕𝒊𝒐𝒏

• 𝑬𝒏𝒆𝒓𝒈𝒚 𝒓𝒆𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏＝
𝝈

𝑬𝒃𝒆𝒂𝒎
%

• 𝑬𝒏𝒆𝒓𝒈𝒚 𝒃𝒊𝒂𝒔＝
𝝁

𝑬𝒃𝒆𝒂𝒎
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Gamma Beam Energy Regression

2026/05/01 ZDC MC status (Taiwan Group)

1–40 GeV Gamma Beam

• Method : Sqrt(Ebeam) weighting performs best. insensitive to fitting function.

• Resolution: Performance requirements fully satisfied.

• Bias: Negligible energy bias observed.

• Nice energy reconstruction for gamma.

7/18



Neutron Beam Energy Regression

2026/05/01 ZDC MC status (Taiwan Group)

• Optimal Method: Sqrt(Ebeam) weighting combined with the Ratio Method yielded the best results.

• Energy Resolution: neutrons < 50 GeV does not meet the requirements.

• Energy Bias: A bias of approximately 2% is observed for neutron > 50GeV. Large bias for low energy 

region (neutron < 50GeV).

• The small fraction of neutron energy deposited in the scintillator tile (3%–6%) limits regression 

precision for beam energies under 50 GeV?
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Position Resolution 

And 

Position Bias

Track Reconstruction
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Track Reconstruction Algorithm (1/2)

2026/05/01 ZDC MC status (Taiwan Group)

• Only HCAL is used in track reconstruction.

• Method

- Three dimensional space => XZ and YZ planes. 

- Fit averaged hit position in layers with polynomial1 to find track.

- Residual can be estimated by compare beam extrapolation and reconstructed track.

300 GeV neutron beam in HCAL

Hit position in XZ plane
300 GeV neutron beam in HCAL

Average Hit position in XZ plane

ഥ𝒙 =
σ𝑬𝒉𝒊𝒕𝒙𝒉𝒊𝒕
σ𝑬𝒉𝒊𝒕

Magenta : beam extrapolation

Red : Track reconstruction w/ 

pol1 fit (energy weighting)
Fit average 

hit position 

layer by layer
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Track Reconstruction Algorithm (2/2)

2026/05/01 ZDC MC status (Taiwan Group)

• Fitting Function : polynomial 1

• Weighting of each layer in fitting 

 Linear energy : 𝐄𝐥𝐚𝐲𝐞𝐫
 Log energy : 𝐥𝐨𝐠(𝐄𝐥𝐚𝐲𝐞𝐫)

 Hit count : 
𝐍𝐥𝐚𝐲𝐞𝐫

𝐍𝐬𝐮𝐦

 Energy-and-hit : 
𝐄𝐥𝐚𝐲𝐞𝐫

𝐄𝐬𝐮𝐦
+

𝐍𝐥𝐚𝐲𝐞𝐫

𝐍𝐬𝐮𝐦

𝐸𝑙𝑎𝑦𝑒𝑟 and 𝐸𝑠𝑢𝑚 are energy of layer and energy of all 
layers, respectively.

𝑁𝑙𝑎𝑦𝑒𝑟 and 𝑁𝑠𝑢𝑚 are num. hits of layer and num. hits 
of all layers, respectively.

• Cut low energy layers 

Most energetic layer +/- N layers

300 GeV neutron 

Layer VS Energy

(randomly chose one evt)

300 GeV neutron 

Layer VS Nhits

(randomly chose one evt)
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Test Different Num. of Fitting Layer (1)

2026/05/01 ZDC MC status (Taiwan Group)

Fit most energetic 

+/- 64 layers 

Fit most energetic 

+/- 20 layers 

Fit most energetic 

+/- 5 layers 

Fit most energetic 

+/- 10 layers 

One event from 300 GeV Neutron / Linear Energy Weighting
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Test Different Num. of Fitting Layer (2)

2026/05/01 ZDC MC status (Taiwan Group)

300 GeV Neutron  /  Linear Energy Weighting / XZ plane

Position Resolution Position Bias

• All results utilize linear weighting with a first-order polynomial (pol1) fit.

• Reducing the number of layers in the fit does not improve position residual or bias. The 

weighting already assigns lower importance lower energy layers, effectively performing the same 

function as a layer cut.

• Position resolution and bias degrade as the distance from the shower maximum (the most 

energetic layer) increases.
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Test Different Weighting Factor

2026/05/01 ZDC MC status (Taiwan Group)

300 GeV Neutron  /  Fit 64 layers / XZ plane

Position Resolution Position Bias

• Except for the hit-count weighting approach, all other weighting methods have consistent results.

• Based on its overall performance and stability, the hit-and-energy weighting method was chosen 

for the final track reconstruction.
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Neutron Beam Track Reconstruction 

2026/05/01 ZDC MC status (Taiwan Group)

Fit 64 layers / hit-and-energy weighting

Position Resolution @ Weighted Z position Position Bias @ Weighted-Z position

• The results here are shown at weighted-z position is close to the most energetic layer.

• Position Resolution: Achieved a peak resolution of 6 mm for high-energy neutrons.

• Reconstruction Bias: Minimal bias observed, approximately 0.4 mm.
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Gamma Beam Track Reconstruction 

2026/05/01 ZDC MC status (Taiwan Group)

Fit 64 layers / hit-and-energy weighting

Position Resolution @ Weighted Z position Position Bias @ Weighted-Z position

• The results here are shown at weighted z position of all hits which is close to the most energetic layer.

• Position Resolution: Achieved a peak resolution of 5 mm for high-energy gamma.

• Reconstruction Bias: Large bias observed for xz plane, approximately 1 mm (reason still unknown).
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Kaon/Pion Structure Study

2026/05/01 ZDC MC status (Taiwan Group)

J Arrington et al 2021 J. Phys. G: 
Nucl. Part. Phys. 48 075106

Pion-exchange Sullivan process for pion structure

𝒆 + 𝒑 → 𝑒′ + 𝑋 + 𝒏
Kaon-exchange Sullivan process for kaon structure

𝑒 + 𝑝 → 𝑒′ + 𝑋 + 𝛬 𝜦 → 𝒏+ 𝝅𝟎 → 𝒏+ 𝟐𝜸

probe proton probe pion probe kaon

DIS process

• It is important to check the position resolution at vertex 

point, also scan the lambda decay across different Z-

positions.

• ZDC sits 35m away from the collision point. From the 

current results, to reconstruct gamma or neutron track 

with only HCAL will not be enough for the pion/kaon 

structure study. WSi ECAL is proposed to help.
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Summary and To Do

2026/05/01 ZDC MC status (Taiwan Group)

• MC simulation condition : 

The simulation utilizes a ZDC (Crystal ECAL + SiPM-on-tile HCAL) aligned with the z-axis. The setup uses 

spread beams (25 degree opening angle) to evaluate performance for gammas (1–40 GeV) and neutrons (20–

300 GeV).

• Energy reconstruction

Nice energy reconstruction for gamma (requirement satisfied). However, for neutron the small fraction of 

energy deposited in the ZDC (3%–6%) limits regression precision for beam energies under 50 GeV. Only 

neutron > 50GeV satisfied the requirement.

• Track reconstruction 

Position resolution and bias degrade as the distance from the shower maximum (the most energetic 

layer). Lambda decay point could be up to 35m away from ZDC. It is important to check the position/vertex 

resolution across different Z-positions. From the current results, to reconstruct gamma or neutron track with only 

HCAL will not be enough for the pion/kaon structure study. WSi ECAL is proposed to help.

• To do : 

- Update HCAL geometry (hexagonal -> rectangular scintillator tile)

- Evaluate performance with crystal ECAL + HCAL SiPM-on-tile with neutron/gamma/lambda gun across 

varying Z-positions.

- Evaluate performance with WSi ECAL + HCAL SiPM-on-tile with neutron/gamma/lambda gun across 

varying Z-positions.

- Explore GNN to and check energy/track reconstruction.
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Back up

2026/05/01 ZDC MC status (Taiwan Group) 19/18



Sullivan Process for Pion Structure Study

2026/05/01 ZDC MC status (Taiwan Group)

J.D. Sullivan, “One-pion exchange and deep-inelastic 

electron–nucleon scattering”, Phys. Rev. D 5, 1732 (1972).

The nucleon is not a rigid 3-quark system; it is dressed by a cloud of mesons. Therefore, the 

proton’s wavefunction is expanded not just as a bare ۧ∣ 𝑢𝑢𝑑 state, but as a superposition that 

includes pion–baryon and kaon-hyperon  components. The pion and kaon structures can be 

explored through the Sullivan process from DIS data. 

probe proton probe pion probe kaon

• Pion kinematics

 𝑡 = 𝑘2 = 1 − 𝑥𝐿 𝑚𝑝
2 − 𝑝𝑇

2/𝑥𝐿 − 1 − 𝑥𝐿 /𝑥𝐿 𝑚𝑛
2 , 

pion virtuality, 𝒕<0

 𝑥𝜋 =
𝑄2

2𝑘⋅𝑞
≈

𝑥

1−𝑥𝐿
, momentum fraction of parton

in pion

• Neutron observables

 𝒙𝑳 ​≈ 𝑬𝒏 ​/ 𝑬𝒑 ∶ Neutron longitudinal momentum 

 𝒑𝑻 ≈ 𝒙𝑳𝑬𝒑 𝜽𝒏 : Neutron transverse momentum

The essential measured quantities are 𝒙𝑳 ​ and 𝒑𝑻 ​of very 

forward angle neutron ➔ zero-degree calorimeter.
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Zero Degree Calorimeter (ZDC) 

Current Design 

2026/05/01 ZDC MC status (Taiwan Group)

- Pion-exchange Sullivan process for pion structure

𝑒 + 𝑝 → 𝑒′ + 𝑋 + 𝑛
- Kaon-exchange Sullivan process for kaon structure

𝑒 + 𝑝 → 𝑒′ + 𝑋 + 𝛬 𝜦 → 𝒏+ 𝝅𝟎 → 𝒏+ 𝟐𝜸
- Spectator-neutron tagging for nuclear physics 

𝑒 + 𝑑 → 𝑒′ + 𝑋 + 𝑛
𝑒 + 𝐴 → 𝑒′ + 𝑋 + 𝐴 − 1 + 𝑛

- Background, secondary photons showers 

𝜋0 → 𝛾𝛾

ECAL

LYSO + SiPM

detect gamma

60cm*60cm

20*20 cells 

3cm*3cm*7cm / cell

7cm ~ 6X0 in Z

HCAL

sampling calorimeter

detect neutron

64 layers, 8 slice/layer

1 layer = steel + scintillator tile + SiPM

65cm in X, 60cm in Y, 163cm in Z

ZDC aims to measure gamma up to 40 GeV 

and neutron up to 300 GeV. Therefore, it is 

composed by ECAL and HCAL.
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ZDC Acceptance

2026/05/01 ZDC MC status (Taiwan Group)

J Arrington et al 2021 J. Phys. G: Nucl. Part. Phys. 48 075106
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Energy Resolution VS Energy
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