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BESIII Experiment
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 BESIII experiment has been operating since 2009, to study physics in the 
τ-charm energy region, utilizing the high luminosity BEPCII (Beijing 
Electron-Positron Collider II) double ring collider.

 Beam energy: 1-2.3/2.8GeV (Accelerator upgrade in 2025)

 BESIII detector 
 Main Drift Chamber (MDC) 

 Inner chamber -> CGEM in 2025

 Time of Flight (TOF)

 ETOF ->MRPC in 2016

 Electromagnetic Calorimeter (EMC)

 Muon Chamber (MUC)

 1T SC Magnet

Trigger rate:  4KHz

Data bandwidth: 48MB/s

Luminosity: ∼1×1033 cm−2 s−1 optimized at a center-of-mass 

energy of 2×1.89 GeV



BESIII Experiment 
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 BESIII physics

 Charm physics

 Charmonium decays

 Light hadron

 Tau & R QCD

 New Physics



Software and Computing
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Software Computing

Detector

Physics

Software and computing are an integral part of experimental 
design, trigger and data acquisition, simulation, reconstruction, 
and analysis, as well as related theoretical predictions. 

A significant investment in computing 
and software is therefore critical. 



BESIII Offline Data Processing 
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 Requirements on the offline software system

 Offline software system should be modular and flexible. Data and 
algorithms separated. Algorithm developers should profit from 
shared common services including data I/O functionality

 Monte Carlo data and real data should be processed by the same 
framework. This requires integration of the simulation framework 
within the offline software system. Different kinds of generators 
should present a unified interface to detector simulation

 Geometry in offline software should be consistent between the 
data processing algorithms

 Event data model should be designed with flexibility, with the 
functionality of event filtering, event skimming, multiple input 
streams.

 Calibration constants and other crucial parameters managed in 
database, with unified database interface.

 Offline software should be continuously upgraded to be 
compatible with the latest operating system and external libraries.

 With data accumulated and various physics topics, to perform 
massive data production and data analysis with limited CPU 
resources, smart analysis strategy needed. 

Offline data processing: using the offline software system to 

process raw data from detector and MC data from simulation 

Focus on the design and implementation of the offline software framework, explaining how it meets challenges such as the long lifetime of BESIII, various 

upgrades to both detector and accelerator, the rich variety of physics topics as well as the handling of large data volumes with limited computing resources.



BESIII Offline Software System based on Gaudi 
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 BESIII Offline Software System developed based Gaudi framework which is widely used to build data 
processing applications for high energy physics experiments, originally from LHCb experiment.

 The purpose of the Gaudi application framework is to provide software which fulfils physicists requirements, 
facilitating the writing of a set of programs for doing event simulation, reconstruction, visualization, and 
analysis. Easy to use and flexible.

 It is intended that almost all software written by physicists, whether for event generation, reconstruction or 
analysis, will be in the form of a few specific components: 

 DataObject, Algorithm, Service, Converter



BESIII Offline Software System (BOSS) 
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Data and algorithms separated. Algorithm developers should profit from shared common services.



Detector Simulation 
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 Detector simulation is a key component of particle physics experiment, used for detector design, event 
selection efficiency, optimization of event selection criteria, background estimation, and systematic error in 
physics analysis

BESIII simulation software developed based Geant4 

toolkit which is widely used in worldwide HEP experiments

Simulation framework integrated into BESIII offline 

software system by design of dedicated Gaudi Algorithm 

and Service

G4RunManager modified with the GenerateEvent function 

overridden and a new SimulateEvent function added to 

enable the simulation of a single event during the Gaudi 

event loop

Modular design for sub-detectors related simulation



Detector Simulation
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• Simulation software components

• Detector geometry and materials, particle transportation in detector

• Detector response, detector realization, MC truth information



Detector Calibration

 Sub-detector reconstruction algorithms need to do some correction by retrieving calibration constants. The 
framework provides reconstruction algorithms a standard way to obtain the calibration data objects. 

 The calibration constants for each sub-detector are produced by the associated calibration algorithm, and 
then are stored in a ROOT file. 

 X-T, electronics calibration, Q-T , gain, energy calibration, etc.

 The path of the file location will be recorded in the database along with other useful information like validity 
of run numbers and the version of calibration dataset etc. 

 When a reconstruction algorithm requests calibration constants, it will trigger the conversion of calibration 
data objects from the ROOT file.
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Calibration Constants Management
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A GlobalMap strategy is implemented to 

provide reproducibility and avoid redundant 

duplication of calibration constants. 

Each BOSS release corresponding to a 

GlobalMap of constants in database.

For a given run number, can get a single 

calibration constants for each DataType. 

For each “NewRun” incident fired by the OfflineEventLoopMgr all sub-detector calibration services are informed, enabling flexible updating 

only when required by the corresponding run validity ranges. 



Event Reconstruction

 Data reconstruction is the central task for the data processing, turn the detector observables into physics 
parameters for example energy, momentum, direction, vertex position etc.

 For the BESIII experiment, a complete chain of reconstruction algorithms has been developed and fit into 
the BOSS framework.

 Event start time reconstruction

 Provide event start time with MDC fast tracking, together with TOF and EMC hit information.

 MDC tracking and Kalman filter

 PAT/TSF: search/match track segments in superlayers

 Hough: For low transverse momentum tracks with less hits/segments: HOUGH

 Runge-Kutta: Track fitting by numerically solve the differential equations with fourth-order Runge-Kutta, provide initial values 
for Kalman

 Kalman fitting is performed following track finding, considering inhomogeneous magnetic field, energy loss and uncertainty 
from multiple scattering

 dE/dx reconstruction

 Applies lots of corrections to the ADC values of MDC channels and calculate precisely the energy loss of each charged particle 
through MDC.

 Track extrapolation

 Geant4-based algorithm, to extrapolate a MDC track to outer sub-detectors, considering the magnetic deflection and 
ionization loss of the charged particle in the detector.

 TOF reconstruction

 MDC tracks are extrapolated to TOF and matched with a particular TOF module.

 Calculate the time that a charged particle needs to travel from the interaction point to TOF after applying various corrections.

 EMC clustering and shower maker

 Energy calibration, clustering algorithm form EMC clusters for both barrel and end-caps.

 The reconstruction showers are produced with calculated positions and energies.

 Muon track finder

 Find muon track, with muon hits, combined with MDC track

13



Geometry Management

 The geometry management system provides a detector description for simulation, 
reconstruction and visualization, based on Geometry Description Markup Language(GDML).

 Designed to guarantee the geometry consistency in the whole data processing workflow.

 For simulation, the GDML files are loaded into Geant4 using the GDML-Geant4 interface.

 For reconstruction, a ROOT geometry is generated with the GDML-ROOT interface.
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During the long lifetime of the BESIII 
experiment, there have been several 
detector upgrades. The geometry 
management system uses different 
geometry configurations for different run 
ranges.

DetVerSvc is designed to determine the 
detector version according to the job 
configuration.



Event Display in ROOT
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 Visualization capabilities play a pivotal role in understanding 
and interpreting complex particle interactions and detector 
performance.

 BESIII event display toolkit developed based on ROOT 
originally

 2D & 3D display, control through menu and toolbar



Event Display in Unity
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Display of the BESIII detector in Unity

The data flow of detector description conversion from 

DD4hep, ROOT, GDML and Geant4 to FBX for 3D 

modeling in Unity (https://arxiv.org/pdf/2507.10261)

Unity is a widely-used cross-platform game engine 

renowned for its powerful real-time 3D rendering and 

interactive capabilities. It serves as a powerful platform for 

3D model editing, enabling the import and processing of 

FBX (Filmbox) files, a versatile file format created by 

Autodesk, supports 3D models and animations.

Event display in Unity offers an enhanced way to display 

events within detectors.



Database System
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Calibration constants, MC tuning parameters, 

and other physics parameters managed in 

database. 

Master and slave databases, world wide 

collaborators query from different sites.

Unified database interface enable to choose 

different database backend.

Configuration of connection per job or per 

query, depending on job types.



Event Data and I/O
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BESIII events are presented in memory as data collections of 

various types within the Gaudi Transient Data Store (TDS).

This design decouples data access from the details of the data 

storage.

Simulated events and reconstructed events are saved in ROOT 

files. Raw data from the DAQ uses a custom binary format.

Two conversion services are implemented. The RawDataCnv

service reads custom binary data and the RootCnvSvc reads and 

writes the ROOT based file formats.

Each converter handles the bi-directional conversion of a single 

type of data collection.

Event skimming and event filter also supported, especially to handle 

the high noise events after the BEPCII accelerator upgrade.



Tag-based Analysis
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Analysis is challenging in data I/O. Traditional data analysis, termed full mode, reads all DST events in sequence. 

As typically only a small fraction of events are relevant to each analysis, it is more efficient to only retrieve a subset of events identified by a tag.

The event tag run number, event number, number of charged and neutral tracks, as well as D flags etc.

Small scale performance tests of tag-based analysis show 

large reductions in processing time compared to full mode.

However the improvement decrease significantly when 

large numbers of concurrent testing jobs.

Reforming implemented to DST files, by reordering 

selected events into contiguous event blocks and only 

saving the reformed files.

Tag and reforming enables analysis job to retrieve only the 

event block of interest. A typical analysis of psi(3770) data 

with D-tag mode pre-selection can achieve a speedup ratio 

of 37.



BOSS Validation

 The software release validation process ensures that a software release meets 
predefined quality and functionality before progressing to the next stage of 
development or deployment.

 It is a critical step in the software development life cycle to maintain reliability 
and user satisfaction.

 Each BOSS release upgrade corresponding to a dedicated validation

 (1)For the upgrades only concerning some limited BOSS internal packages performance 
optimization

 (2)For the upgrades concerning operating system and external libraries upgrades.

 Usually we do not proceed these two types of upgrades in the same BOSS release.

 By combining automation with robust validation strategies, can deliver better
software faster while reducing operational overhead.
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BOSS Upgrades

 Computing hardware and operating system continuously upgrade

 Continuously upgrade BOSS to make it compatible with the latest 
operating system and external libraries

21

Recompile BOSS directly with new operating 

system and external libraries is a tough and time-

consuming job.

Task splitting by functional module, then parallel 

upgrade, establish independent pipeline, and 

identify dependencies.

Validation step by step.



BOSS Upgrades

 Detailed validation procedure: 

 Generator

 Simulation

 Calibration

 Reconstruction (MC & Data)

 Analysis (full mode & tag mode)

 Database functionalities

 Event display functionalities

 Tracking efficiency

 Particle ID efficiency

 CPU time & memory consumption

22



BOSS Upgrades 
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Year 2009 2010 2011 2012 2015 2016 … 2023 2024 2025

BOSS
Release

6.5.1 6.5.2
6.5.3
6.5.4
6.5.5

6.6.0
6.6.1

6.6.2 6.6.5
7.0.0

7.0.1
7.0.2

… 7.1.0 7.1.1
7.1.2
7.1.3

8.0.0

Operating
System

SL4 SL5 SL5 64-bit SL6 CentOS7 AlmaLinux 9

Gaudi v19r4 v21r6 v23r9 v27r1 v38r2

Geant4 9.0 9.3 10.7

ROOT 5.14 5.24 5.34 6.06 6.32.02

Build Tool CMT CMake

GCC 3.4.6 4.3.2 4.6.3 4.9.3 GCC 13

Version 
Control

CVS GIT

Intel Xeon E5430, 2.66GHz, 8 cores, 16GB

Intel(R) Xeon(R) Gold 6140 CPU @ 2.30GHz, 

18 cores, 36 threads, 125GB

Physics users benefit from 

new Geant4 & ROOT .

Software building 

60% faster

9.4 and 9.6 tested



BOSS Upgrades

 Issues identified during upgrades
 Old interfaces changed or missing, need to re-implement the related codes. This is the most common case when upgrade 

operating system and external libraries.

 Obvious software performance decrease, for example when we upgraded to Geant4 10.7, simulation job CPU time is 2 
times of the old one. Further check confirmed one bug in Geant4, solve it together with Geant4 developers.

 Undefined behavior in C++/ more rigorous C++ Syntax

 Variable initialization
 Option: -Werror=uninitialized: Compile-time enforced error

 Function return value:
 Function declares a return type, but does not return a value, Option: -Werror=retrun-type: Compile-time enforced error

 Minute numerical change in the results (beyond double precision), accumulation of these minor discrepancies leads to 
significant differences in MDC tracking.

24gsl: GNU Scientific Library



Summary

 The BESIII offline software system implemented based on Gaudi, common 
services, geometry management, database access and data input/output 
throughout the whole offline data processing system are well handled.

 The integration of Geant4 and Gaudi enables both MC data and real data 
to be processed in the same framework.

 The event filter strategy and tag-based analysis enhance the efficiency of 
offline data processing and physics analysis.

 During the long data taking, the offline software has been continuously 
upgraded to be compatible with the detector upgrades, the latest 
operating system and external libraries.
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