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Future lepton collider

+ Physics after Higgs discovery:
e Precise measurement of Higgs, EW, top, flavor, QCD...
e BSM physics (dark matter, EW phase transition, SUSY, LLP...)

LTB: Linac to Booster
BTC: Booster to Collider Ring
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CEPC ECAL

+» ECAL: The long-bar crystal ECAL forms an interleaved
three-dimensional mesh that delivers about 3%
energy resolution with fine imaging.
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CEPCSW Computing Bottlenecks

pWorld Other

+~ Geant4 and ECAL Simulation Beampipe (6.88us)  (1062u8)

Bottlenecks: For ete™ — qq at
240 GeV the GEANT4 step
dominates 46.4% of the wall
time; ECAL barrel and endcaps
alone consume 34.4% and 13.8%
of the total simulation budget,
respectively.

HcalEndcap
(27.12us)

(10.55us) (6.47us)

14.7%

EcalBarrel
(56.80us)

HcalBarrel

(24.36us)

e Electromagnetic showers

enerate excessive secondar EcalEndcap
g y (22.93us)
M M M .Jous
particles (high tracking
multiplicity).

e Targeted optimization for
ECAL/HCAL only; keep standarc % &

ITK

Geant4 elsewhere. e
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DiT Il: Diffusion Process

< Forward diffusion process

e Starting from original data x,, Gaussian noise is gradually
added in steps to produce a sequence
xoﬁxl—)...ﬁxT

where x approaches an isotropic Gaussian distribution as T.

+» Reverse diffusion process

e The model learns a parameterized denoising distribution
Po(xe—1 | x¢) _
which predicts how to iteratively remove noise from x; to
recover x;_, effectively reversing the forward process.

q(xe |z 1)

—> Xt—1 ———>| :Et ————————— >,@
. pg(xt 1|xt) _ ...




DIT llI; Dataset

«~ Data Preprocess

e Geant4 photon simulations
based on CEPC Ref-TDR
geometry.

e Segmented with DD4hep into a
15x15x18 voxel grid (15 mm
cube size).

e Log-transformed and
normalized voxel energies.

] . _
T; = og(xi +€) — 1t where
o

p = E[log(z; + ¢)]

o = +/E[(log(z; +€) — u)?], and
e = 1077 GeV

Area of interest selected as dataset



DiT IV: Model Architecture

<+ VODIT4CAL Architecture:

e DiT Blocks: Transformer

self-attention blocks
exchange information acros: [woomioe ]
tokens globally. | g
Comab 1 151 | PIT Block (PixelDIT) |-~ g (Yo = ML SelbAun = Lin xpand |
e PiT Blocks: Transformer self B T :
attention blocks exchange o [ e
information within each o : |
token across voxels. 0 ’—>®<—‘
e Voxel Output: The final ez | (]
token representations are

mapped back to energy
space to produce voxel-level
predictions.
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DiT IV: Model Architecture

+ DIT Block:

e Direct multi-head
attention

e AdaLN conditioning + 3D
RoPE

+ PIT Block:

e Linear Compress —
Attention — Expand

e Same AdalLN/gating,
optimized for high-res
pixel-space

DiT Block PiT Block (PixelDiT) ;
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DIT V: Training

q(x¢ |-1)

<+ Tralning: NN x“—’w _________ (ar)
e PyTorch provides tensor P 1|20
computation and automatic ﬂ n
differentiation, while PyTorch X Z;
Lightning offers a high-level 7777777777 o
t 1N Vtar et
raining framework. g
e Training Time: The total Vored

effective training time is

3h23m19s on a single RTX t = sample_t()
5090 GPU. eps = randn_like(x) * noise_scale

(1 - t) *eps + t % x

N
(3
I 1l

v_target = (x - z_t) / (1 - t)
v_pred = model(z_t, t, E_cond)
loss = mse(v_pred, v_target)
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Result I: Generation Quality

+ Generate photon shower at 16 GeV for example

[gen] E=16.384 (LogTransform) | mean over B=1024, Z=18, Y=15, X=15 [ref] E=16.384 (LogTransform) | mean over B=1024, Z=18, Y=15, X=15
Layer 0 Layer 1 Layer 2 Layer 3 Layer 4 Layer 0 Layer 1 Layer 2 Layer 3 Layer 4

L]
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w

Mean voxel intensity
w

Layer 11 Layer 12

~
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GEANT4 MODEL

Layer 15
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Result Il: Generation Speed

+ Benchmark;
e GPU (Nvidia RTX 8000): 3.19 ms /event
e CPU (Xeon 4214, single thread): 303.45 ms /event

e Geant4: generation time T ~ E with particle energy E

Single-photon ECAL simulation time per event vs energy
@ single CPU (Xeon 4212)

n
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Result lll: Compare with CaloDiT-2

+» Foundation: Extends CaloDiT-2 thought to CEPC calorimetry
+» CaloDiT-2 Limitations & Our Solutions:
e Energy linearity issues: Improved via CLR Data Transform

e Deep/slow architecture: Accelerated by PiT blocks

« Scope Note:

e Direct comparison with original CaloDiT-2 not performed: dataset mismatch
(CaloChallenge benchmarks vs. CEPC simulation Data)

VoDiT4CAL (Ours) CaloDiT-2
0.30 1 geinazg:ssg max=0.98 Py
0.25 1 mg(?:eng:::z Std:OO;OsDGBB @ ’ : gzlaor]‘;lT-Z EDM 2 1
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arXiv:2509.07700 16



Limitation & Open Challenges

E=131.072 GeV

generated samples (mode collapse
tendency) 0 100 200 300 400 500

<x?2> [mm?]

< Quality Degradation After I e —
. . . g 15 4 r.rr;De:QI::?.M std=5.79
Distillation T |mnazes mpia
% 10
e Performance drops observed post- &
distillation g °
e Exploring potential solutions: guidance °** : n .
|OSS Z layer index
< Variance Instability . EEISLO72 BeF
¢ _Swe}r?zlldfo max=245 |
£ 0.04 mean=221 std=8.52
e Fluctuating variance < x*> across s I
generations g
3 0.02 1
e Suspected cause: limited diversity in 2 |
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Quantum Motivation

» Our classical results have already shown that DiT offers stronger
stability, generation quality, and scalability than GAN.

- the natural next question is: under the same
diffusion/Transformer framework, quantum modules can further
improve global modeling?

» Early studies on quantum diffusion already suggest that this
direction is promising, providing initial evidence that quantum-
enhanced diffusion models are worth exploring beyond qGAN.

» For example, QGDM reports faster convergence than QGAN and
higher fidelity in mixed-state generation, while Quantum Latent
Diffusion Models show better image-generation metrics than a
comparable classical model and retain advantages in few-shot
settings.

arXiv:2401.07039. arXiv:2501.11174 19



Quantum GAN for FastCaloSim

<« Motivation: Quantum GANSs in Calorimeter Simulation
e Calorimeter simulation is one of the most CPU-intensive tasks in HEP.

e Overcoming computational challenges through the integration of ML
and QC.

<+ Quantum Generative Adversarial Network(GAN)
e GAN is composed of two adversarial neural networks.
e NISQ constraints necessitate hybrid classical-quantum algorithms.

e The quantum GAN in this study adopts a quantum generator +
classical discriminator. 00000001

Quantum Generator

I : 10000000
a Classical
: £ Discriminator
Quantum Generator Circuit : —ﬂ— SR SR RO ) L
: Fake : ¢ O 3
- H Data :: :
: i i > 07 .
- RN | 4 : » X O @)
— § 3 \
:Real :: N
:Data :: O



Quantum GAN for FastCaloSim

< Quantum Generator Circuit

e A generator circuit composed of
4 qubits.

e RY gates contain trainable
parameters.

+ Training Data and Preprocessing

e Simulated electron showers from
Geant4 at a fixed incident angle.

e Processed into one-dimensional I
8-pixel distributions as training «- = I
data for the GAN. o

e Input training data into the w2 s s

ooooooo
3

quantum circuit via PCA. o [

00000000000

0.2 0.4 0. . 0.2 0.4 0.6 X 0.2 0.4 0.6 0.0 0.2 0.4
energy (a.u.) energy (a.u.) energy (a.u.) energy (a.u.)



Quantum GAN for FastCaloSim

+» Quantum GAN Training Results

e Generated data is consistent with Geant4

pixel 0 pixel 1 pixel 2 pixel 3
1000
Geant4 150 1
250 A
8004 ™ quantum generator 125 4 . quGAN
200 0.25 4 —o— Geant4
u 600 100 1
5 150 75 4
8 400
100 - 50 0.20 1
200 1 50 1 25 4
0 0- 0 w 0.15 -
pixel 4 pixel 5 pixel 6 pixel 7 e
250 300 250 4 00
250 0.10
200
200 1 400
" 200
€ 150 A 4 i
3 150 150 300 0.05 1
“ 100
100 4 100 A 200 A
50 50 50 100 0.00 -
0- 0- 0- 0- 6 7
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
energy (a.u.) energy (a.u.) energy (a.u.) energy (a.u.)

Ref XiaoZhong Huang, Quantum GAN for fast shower simulation 22



Future Plan: Quantum-DiT hybrid model

Quantum Module

CLR Transformation& | g::;I;I
Tokenization

CLS Token Global Cluster Global Cluster Representatlon

Properties
Input Cluster / | St pertie B o3 | Nonlinear Optimization
Incident Conditions T
(] (T T T Generated
EEEEEEEEEEE \ /" Cluster Result

Spatial Tokens Classical Denoising Network

Spatial Token Flow & Denoising Process remain Classical

Current DiT model uses CLR transform; a dedicated CLS token captures
global shower properties.

The quantum module operates exclusively on the CLS token, performing
nonlinear renormalization of the global shower representation.

Spatial token flow and backbone denoising remain fully classical —
minimizing quantum overhead while preserving generation fidelity

CLS and spatial tokens are jointly trained end-to-end, enabling the
quantum module to meaningfully influence the denoising process

23
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Summary

+» VoDIiT4CAL achieves high-precision fast simulation of
the CEPC crystal ECAL at ~100ms level.

While preserving the quality of showers and key physical
observables, it delivers approximately a 100x speedup for 50
GeV events on a single CPU core.

This provides a practical solution to mitigate computing
bottlenecks and paves the way for larger-scale physics studies.

Will apply distillation techniques to reduce inference time while
maintaining generation quality; Will extend to multi-particle
and more complex incident conditions

Will try to explore Quantum Transformer

Will ultimately integrate it into CEPCSW framework to
effectively replace the Geant4 ECAL simulation module

25
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TOY Data Demo

2D distributions: data x0 vs Gaussian noise eps

m= true linear path

=== (ODE path (v_model)
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CLR Transform

+» For every sample x,:

1 N
g = exp Nz log(xolj + e)
j=1

x0i+€

N

1

Vi = log< ,g ) = log(xo,l- + e) — NZ log(xo,j + e)
j=1

% y In the zero-sum subspace (composition-preserving)

Z)’i=0
7
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Number of hits distribution (E>10~7 GeV)
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Mean energy per Z layer [GeV] Mean energy vs radial index [GeV]
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Energy-weighted second moment along Z [mm~2]
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Energy-weighted second moment along X [mm~2] Energy-weighted second moment along Y [mm~2]
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