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BMR: origin, evolution, and
perspective
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Outline
● The origin: from JER to BMR

● The evolution: 1-1 correspondence reconstruction

● The perspective: BMR of 2%

● The Preliminary performance Diagnosis of the TRD (TDR
reference detector) 

● Thoughts on the det. Optimization  

● P.o.V: performance & measurement at the AI era
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Performance requirements
● To reconstruct all Physics Object, especially Jets 

– Z & W: ~ 70% goes to a pair of jets

– Higgs: ~97% final state with jets (ZH events)

– Top: t → W + b

● Look inside the jet: 1-1 correspondence reco. 

– ~ confusion free PFA

– Larger acceptance...

– Excellent intrinsic resolutions

– Extremely stable...

● Be addressed by state-of-art detector design,

technology, and reconstruction algorithm!
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BMR: the origin

● At PreCDR: described by JER (inherited from ILC) 

– Vector Boson Fusion process (WW-ZZ separation) requires JER ~ 3%,
which is not highly relevant to the CEPC

– JER could not be defined before Jet... which then depends on Jet
reconstruction/clustering algorithm...

– Usage of rms_90, 

– ...

● BMR: the standard since CDR

2015, PreCDR
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BMR at CDR

Higgs factory: need BMR < 4% (critical for qqH & qqZ separation using recoil mass to di-jet)
 

Strongly motivated to improve BMR to 3% or even lower, especially for NP & Flavor

CDR baseline (left plot): BMR = 3.75%
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BMR: receipt & comparison to JER

← Standard Definition 
& Process 

Relationship to JER→



23/05/25 CEPC day 7

BMR decomposition @ CDR

● 1st HCAL resolution dominant
the uncertainties from intrinsic
detector resolution: need better
HCAL → R & D of GSHCAL

● 2nd Leading contribution:
Confusion from shower
Fragments (fake particles),
need better Pattern Reco. 

● CDR baseline - GRPC HCAL 
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GSHCAL: simulation
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Fake particle originated Confusion reduced by 1 order of magnitude, at nominal
vvH, H→gg event, at the cost of create mis-vetoed energy of < 1 GeV. 

Frag Total Energy (MPV/Mean): 6.3/7.6 GeV → 0.7/1.4 GeV

Confusion: frag. Identification & veto
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Detector change (usage of high density scintillating glass HCAL): BMR 3.7% → 3.4%; 

AI enhanced reconstruction: 3.4% → 2.8%.

Recent update: further optimization + Pid, etc, current value ~2.68%

BMR of 2.75% reached
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The evolution: to 1-1 correspondence

https://arxiv.org/abs/2411.06939 
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Remaining fragments with total E ~ 1 GeV; 

More than 95% of the visible energy preserves 1-1 correspondence;

Confusion: frag. Identification & veto
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Pid: differential performance

Neutral Hadron ID: 5d Calorimetry with ToF capability (δt~100 ps/hit)
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1-1 corresponding type: contributing to the BMR via resolution: ~o(0.1 – 0.001) of
its mean value

Double Counting & Lost type: contributing to the BMR ~o(1) to its mean value

BMR decomposition @ AURORA
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BMR dependence to its components
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...If the High Values tails could be tamed... 

BMR dependence on Cut... 
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● Resolutions:  assume - improved by 50%   

– Crystal ECAL: With efficient control of confusion

– Detector optimization + Innovative Estimator 
(Energy, Time, Spatial...) with 5d calorimeter
(ToF) & AI: ToF could determine very precisely
the energy of low-E hadron – Giving its type
identified... 

● Charged w/o track:  improved by 20% via Improve
tracking efficiency, etc

● Double Counting: improved by 60% via Improve
matching in the core PFA, i.e., Arbor

● Lost: improved by 15% (mainly at Mis vetoing &
Merging, both improving by 30%)

● Need to better understand, identify & control the
impact of secondary particles... (those generated in
interactions between primary V.S. Upstream
material, plus back-scattering) 

BMR: perspectives
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BMR: from CDR to possible future...
2016 - CDR: BMR ~ 4% Aurora: BMR ~ 2.7%2024 - AURORA: BMR ~ 2.7% Future: BMR ~ 2.0%
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Impact on physics benchmarks...

Accuracies of Higgs measurements improved by ~ o(10%) with conventional analysis...
Critical for g(HZZ) & new physics detection...  
Personal Anticipation: larger impact with sophisticated Analysis, i.e., holistic analysis. 
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Challenges & needed actions...
● Relevant uncertainties, recommend quantification & amelioration A.S.A.P

– Beam induced background – need PFA in the space time (POST)

– Event building with Trigger system

– Geometry acceptance: MDI & FWD design etc

– Detector stability – mechanic design – simulation & aging study

– Tracker – Noise, B-Field mapping

– Calorimeter – Noise, dead zone, inhomogeneity (i.e., attenuation)...
–

– Calibration & Monitoring: could be partly addressed by 1-1
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Preliminary diagnosis of TRD performance

● In the standard of 1-1 correspondence

– Visible energy decomposition

– BMR decomposition 

– Pid

● This diagnosis needs dedicated MCTruth info, Many Thanks to Fangyi for
preparing the sample & update the software

● The simulation still has subtitles... especially in the characterize the 2ndary
generated in simulation → to be updated.  
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ChFrag Veto: compared to AURORA (3.7/3.4→2.7), much less efficient in TRD
as the leading bottleneck is not the fragments  
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Visible Energy

● TDR Ref-det: 

– Ch. wo. Cluster: increased by 50%

– Ch. wo. Track: reduced to half (Tracking in TRD is actually better)

– Ch. wi. Cluster Lost: (Double counting) reduced by 20%

– Lost contribution increased 3 times (5 time if subtract 1% of irreducible
Lost due to Acceptance)

TRD AURORA 
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Photon reco. efficiency

● Converted photon included, 

● 10 GeV valley caused mainly
by photon merging in pi-0
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BMR decomposition 

AURORA

● TRD decomposition: Scaled from AURORA model 

● Leading item: Lost due to merge & inefficiency - estimated from two
independent methods.

– Lost Truth Level Particle 

– Lost Total Energy (in taking into account the Double Counted ones).
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Pid

Kaon id: TDR has larger inner TPC radius. To be verified & confirmed quantitatively.

Lepton & neutral Kaon id: relatively limited info. From ECAL in TRD.

Muon det. Info not available in current PFA (both Cyber & Arbor), to be improved.
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JoI at TRD, CDR & AURORA (ideal)

Using truth Pid, TRD has better JoI than CDR detector, as it uses longer Barrel + stitching VTX

Pid at TRD is limited, will degrade the H→ss measurement... (software version 0401, not 1-1)

Neutral Hadron ID has strong impact on Light Quark ID: highly appreciated in H→ss
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Thoughts on the Det. optimization
● Si-W ECAL: better BMR & Pid 

● Xstal ECAL: excellent EM resolution

● 5-d calorimeter is appreciated

● In TRD, the bottleneck is the inefficiency of
cluster reconstruction, esp. neutral particles in
the jets. Primarily due to the fact that Xbar
configuration has large shower volume,
causing severer shower overlap – merging

● The current reco need to strength its ability
neutral particle reco. While scaling behavior
V.S. the bar length & B-Field could be a good
starting point.  
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● To minimize the shower volume of incident particles

● To share the task, if necessary, between different det. Technologies

● Propose several concepts, para. to be optimized. 

Thoughts on the Det. optimization

Readout occupies 4% of the ECAL 
construction cost

Shall we considering ECAL with 
more readout Channels, and 

re-optimize its Cell/Bar configuration?
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Design-1: Crystal/Glass pillars

IP

Similar structure could be also used in HCAL, significantly reducing the channel num. 

Full absorption HCAL could tolerant much larger cell size, at the cost of glass & total
volume increase ~ 10% of the cost.

Full Glass ECAL should also be explored, with much more readout channels. 

TDR Total Xstal Volume ~ 24 m3.

Conceptual para: 5 layers: 

First Layer: 1*1*6 cm3 

Last 4 layers: 2*2*6 cm3

Total readout channels 1.6 Million 
Compared to ~ 570 k SiPM readout in Xstal Bar: 7%
increase of the ECAL cost. 

Needed study: EM resolution evolution with 
increasing of longitudinal seg (gap, mech, cooling...)
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Design-2: Crystal bar + Mesh
● Geometry

– Total Crystal Volume: 24 m3

– Single Crystal Bar Dimension:
2.67cm * 2.67cm * 40cm =
291 cc, In total 80k bars

– Inner Area: 80 m2 

– Total Readout Channel: 

● 80000*2 = 160k (Crystal)
● 800000*4 = 3.2 M (Si)

● Comments

– Extra material budget ~ o(1%)
of the total radiation length is
tolerable for the EM resolution
~ 2-3 mm of Cu. per layer

The last layer of Silicon Tracker

Position Layer with 1*1 cm Granularity (Si or Alternative)
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Design-3: Crystal Tile + Mesh
● Geometry

– Single Crystal Tile Dimension:

6cm *6cm *6 cm = 216 cc

– Number of Tiles ~ 110 k

– Inner Area: 80 m2 

– Total Readout Channel: 

● 110k*(1, 2, 4)? (Crystal)
● 800000*4 = 3.2 M (Si)

● Comments

– Should quantify the
inhomogeneity response with
SiPM couple to larger volume
Tile

The last layer of Silicon Tracker

Position Layer with 1*1 cm Granularity (Si or Alternative)
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Performance & Analysis at AI era

● Physics reach significantly enhanced ... showing the irresistible trend

– Small signal analysis, i.e., H→ss, cc, gg, or its FCNC decays, improves by 3
times to orders of magnitudes 

– Novel methods enabled (i.e., Afb & CKM measurements with JoI, Advanced
Color Singlet Identification, ...)

– Strong impact on σ(ZH), Higgs invisible anticipated. 
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AI era: Holistic approach
● Feed all reconstructable info. to the classifier – in principle free of human intervene (no need to

find Cut variables, etc..). Require excellent detector & reconstruction, where 1-1 serves as a
benchmark & standard 

● Supervised Learning – Systematic uncertainty control is the challenge, esp. for precision
measurements. Relies strongly on accurate simulation

– Theoretical: need dedicated efforts on theoretical framework, For the Higgs factory, the
challenges include high precision perturbative calculation, the hadronization models, and
potentially QCD effect like color-reconnection effects 

– Experimental: need profound understanding of the detector response – requires innovative
Calibration & Monitoring, plus Digitization & Validation. For which, the 1-1 provides much
more observable and ways... 

– Need comparative analysis over the relevant phase space, to control & to understand the
scaling behavior, which will also shed light on AI development.

– Exploration just started

● Longer term... non-supervised learning, or even migrate to LLM/General models... 

● Even longer term: Data stream + information compressing  using  reco + analysis +
interpretation...  AI is essential, plus we need to set check points & mile stones to quantify and
understand its behavior
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Necessary studies...
● Beam induced backgrounds: comparative studies...

● Event building with realistic detector time response, including electronic pulse shape & time sequence... 

● TPC & Tracker: 

– Dependence of dE/dx or dN/dx performance on the shifting distance & readout threshold/Noise 

– Ion distortion VS shielding & possible correction 

– B-Field mapping

– Mechanic stability 

– Low Pt track reconstruction

● Calorimeter

– SiPM: response uniformity & Dynamic range, especially towards large Tile/Bar configuration in ECAL

– Requirement on the Attenuation length... 

– Homogenates in space & stability in time 

– Development of Energy & Time Estimator... 

● Dead zone/dead channel tolerance

● Performance degrading with different Noise: rates, intrinsic, and radiation relevant ones

● Calibration Procedure & Monitoring methodologies...

● ... 
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Summary
● We propose and realize the concept of 1-1 correspondence reconstruction

– Within the reach of current technology & strongly boost the discovery power

– A novel standard to quantify the global detector performance

● BMR achieved 2.7% at AURORA (CDR detector + GSHCAL), with a future perspective of 2% 

– Roadmap demonstrated

– Needs lots of developments 

● Diagnosis with 1-1, TDR Ref Det 

– Improves its BMR to 3.7% (relative. 6%) 

– The bottle neck is “LOST particle”: inefficiency to reconstruct neutral particles   

– Has limited Pid performance, but better tracking (esp. Low momentum ones). Comparing
AURORA with TRD provides quite some inside & possible synergies. 

● Propose three different approaches to further optimize the CEPC Detector, ...

● Impact of Beam induced backgrounds & Detector imperfects need to be studied, A.S.A.P.

● ... Higgs factory should and could have excellent performance ...
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Back up
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BMR comparison



23/05/25 CEPC day 41



23/05/25 CEPC day 42

EM resolution

● Positioning layer: material budget of ~ 0.2 X0 (3 mm Cu) each, total fraction < 3%

● Compatible with CMS HGC Silicon layer wi cooling; which has much higher data rate &
requirement on energy reco. -> further optimization is possible

CMS HGC Project: 

600 m2 Si + 300 m2 Sci

Total cost:
69 M CHF ~ 500 M CNY

~~

CEPC: 

~ 300 m2 Positioning Layer

~ o(100) M CNY 
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BMR
● Optimization study at Baseline – Merge

Hits of neighboring layers in
longitudinal direction. Compared to 30
Si-W layers, 10 layers has a relative
degrading of 2% (3.82 → 3.9)

● 5 double-layers + 4 silicon sensors +
advanced algorithm shall comparable
to 10 layers... if not better

● Better EM resolution of Xstal ECAL has
positive impact on BMR

● BMR shall be comparable to baseline
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Color Singlet Identification

● H→cc & gg measurements at qqH channel is much worse vvH channels, despite the
former has 3.5 times more signal statistic 

● Reason: Failure of Color Singlet Identification – to distinguish the decay products of
each Color Singlet 

– Z & H for 240/250 GeV Higgs factory

– Which Higgs boson for Higgs self-coupling measurements (i.e., at vvHH events at
500 GeV, etc)

JHEP11(2022)100
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CSI: to group the final state particle

Yongfeng, Hao, Yuexin, etc
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A toy analysis: identify full hadronic ZH
signal from ZZ + WW background

540k ZH + 3.1M ZZ + 47 M WW full hadronic events (~ 5.6 iab), result scale to 20 iab

Holistic: use all the reconstructable info to category signal & different background
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Measurement of qqH, H→cc, gg

Accuracies improved by 3-4 times with 
irreducible/full SM backgrounds

Compare to excellent CSI – could be further 
improved by ~ 2 folds: significant potential - 
needs further explore....
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Perspectives with 1-1 correspondence

● ToF enhanced energy measurement: BMR: 2.8 → 2.2-2.4

– Need excellent CALO + ToF ~ o(10 ps)

– Assume Low energy neutrons & secondary particles can be tamed... still
very challenge...

● Strongly Boost the light quark ID. 

● Benchmark precision improved... up to nearly two times.  
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