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Belle II KLM and the upgrade proposal
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CDR for Belle II Detector upgrade in preparing, 

or see the Snowmass whitepaper, arXiv:2203.11349v1



Structure of scintillator-based KLM
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Spare KLM 

module

Inside the KLM 

module

The structure:

➢ Extruded scintillator

➢ WLS fiber

➢ SiPM

➢ Extruded scintillator: cheap in massive production, but the attenuation 

length is only several centimeters. 

➢ WLS: Kuraray Y11(200), a diameter of 1.2𝑚𝑚.

➢ SiPM: Hamamatsu MPPC, S10362, 1.3𝑚𝑚 × 1.3𝑚𝑚.

➢ The scintillator-based KLM has a good performance in Belle II operation. 

So that, it’s a good reference for a muon detector for CEPC.



Why to upgrade KLM?

 KLM is the largest subdetector of Belle II.

 How to take advantage of its large 

volume? 

 What can a new KLM do?

1. Improve the KL ID. Better identification 

and better neutrino veto.

2. TOF-like to determine the momentum of 

a neutral hadron directly.

3. Contribute to dark sector search?

4. Keep the good muon ID.

Snowmass whitepaper,  arXiv: 2203.11349
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Captured from Belle II VR

T = 7.07 𝑛𝑠 with assumptions of p =

1.5 GeV/𝑐 𝐾𝐿 travels 2𝑚 to arrive KLM, 

a 100 𝑝𝑠 time resolution leads to 𝛿𝑝 =

0.19 GeV/𝑐, relative precision is 13%.



10cm

12m

9m

CEPC CDR 2018
superlayer

CEPC muon detector Preliminary simulation by 

Fudan group
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Hamamatsu MPPC and NDL SiPM
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➢ Lower gain and higher DCR.

➢ Lower Vop and smaller 

capacitance.

➢ Very small pixel size.

➢ QE is similar.

➢ We got new NDL SiPM for

testing recently.



➢ Too high DCR of NDL SiPM, partially due to the pixel size.

➢ Too high cross talk.

➢ Development ongoing.

Hamamatsu MPPC and NDL SiPM in our testing
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MPPC (1.3 × 1.3 mm2)

NDL (3 × 3 mm2)



Our R&D works

I. Front-end readout for high time resolution

II. Regular design like current KLM scintillator modules.

➢ Extruded scintillator, WLS fiber, and small size SiPM

III. New design for high-time resolution.

➢ Scintillator with long attenuation length, large size SiPM

➢ Design like traditional TOF
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Gain：+20 V/V

Bandwidth(-3dB)：426 MHz

Baseline noise(RMS): 600uV

Input impedance: 50Ω

Simple and low cost.

Design  of FE with preamplifier
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AMP

• Dynamic range testing • Baseline noise test • Bandwidth testing • SiPM photoelectron peak

➢ Performance test of preamplifier

Array of 8 channels



SiPM time resolution test 
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Time resolution test setup

Single photon signal of SiPMs Time resolution varies with the number of photons

Small area: (1×1 mm2 / 1.3×1.3 mm2)

Photons > 5   , Time resolution < 50ps

Photons > 40 , Time resolution < 25ps

Large area: (6×6 mm2)

Photons > 20 , Time resolution < 50ps

Photons > 70 , Time resolution < 25ps

SiPM

Pre-AMP

Laser

Dark box

X.Y. Wang et al., 

NST 34, 169(2023)



PZC to reduce pile-up

 Some SiPMs (Hamamatsu MPPCs) have long fall time edge.

 We add pole zero cancelation (PZC) in the preamplier.

 The rise time is also improved by PZC.
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• Increase the frequency of laser to test the 

pile-up.

• The limit of the laser is 20 MHz.

• No pile-up is found in the implementation 

of PZC.

X.Y. Wang et al., 

NST 34, 169(2023)



Regular stintillator strips, original design
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WLS fiberScintillator with 

Reflective layer
SiPM

1.5 m scintillation detector Preamplifier 

Triggers

Long bars



Performance in CR
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Wavelength-shifting fiber keeps good photon collection at long-distance.

There are good efficiencies, but the time resolution is 1-2 ns.

Time resolution 

triggered at the 

far end

Time resolution 

triggered at 

different positions

NDL NDLMPPC MPPC



Design for time measurement
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BC420
(for reference)

Solid scintillator  (no WLS fiber)

Multiple SiPMs

S14160-6050HSS13360-6025PE EQR1511-6060D-S

4×SiPM 12×SiPM➢ After many tries, we find the key is the photon collection. 

➢ We use scintillators with longer attenuation lengths and large areas of SiPM, which 

is like the design of traditional TOF.

➢ We have to consider the cost in building a large size KLM. 

➢ Fortunately, two companies in Beijing offer the choice.

GNKD Company

This 

one!
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T2T1

T4T3 T6T5

𝑇0 =
𝑇1 + 𝑇2 + 𝑇3 + 𝑇4

4

T1+T2

2
−

T3+T4

2
→ 𝜎𝑇𝑅𝐺 → 𝜎𝑇0

𝑇0 − 𝑇𝑇𝑂𝐹 → 𝜎𝑇𝑇𝑂𝐹

𝑇𝑇𝑂𝐹 =
𝑇5 + 𝑇6

2

𝜎𝑇𝑅𝐺 = 100.8ps 𝜎𝑇0
= 50.4ps 𝜎𝑇𝑇𝑂𝐹

= 67.5ps

Plastic scintillator test using cosmic rays

CFD timing of waveform

BC420

Trigger strip

4 MPPCs 4 MPPCs



2cm*5cm*100cm

Trigger

2cm*5cm*100cm

Trigger

CH1 CH2

CH3 CH4

CH5 CH6

CH7 CH8

3P4S-12SiPM  

S: Series 

P: Parallel

12P-12SiPM 

12SiPM(12P)

12SiPM(3P4S) 5cm

2
cm

12SiPM(12P)

12SiPM(3P4S)

𝜎Trg = 56𝑝𝑠
𝜎long = 87𝑝𝑠

𝜎 = 104𝑝𝑠

𝜎Trg = 56𝑝𝑠

𝝈𝐥𝐨𝐧𝐠 = 𝟕𝟎𝐩𝐬

𝜎 = 90𝑝𝑠
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Time resolution of long strip: GNKD_new(2cm)
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Time resolution at different position (one end)

T2T1

T4T3

TF
➢ Change the location of the trigger, 

we can get the time resolution of different position.

Time resolution of different positions of scintillator
Signal amplitude at different locations of the scintillator

➢ Less light collection at the far end makes the SNR smaller, resulting in worse time resolution.

➢ Different time resolutions due to the different qualities of the scintillator samples.

➢ We are working with GNKD to improve the scintillator quality.
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Scintillator + WLS fiber + SiPM

T2T1

T4T3

ForwardBackward

𝑇𝐹 = 𝑇0 +
𝑥

𝑣
𝑇𝐵 = 𝑇0 +

𝐿 − 𝑥

𝑣
xL-x

𝑇𝑠.𝑐. =
𝑇𝐹 + 𝑇𝐵

2
= 𝑇0 +

𝐿

2𝑣
𝜎𝑠.𝑐.

2 = (𝜎𝐹
2 + 𝜎𝐵

2)/4

𝑇𝑠.𝑐. =
൘

𝑇𝐹
𝜎𝐹

2 + ൘
𝑇𝐵

𝜎𝐵
2

ൗ1
𝜎𝐹

2 + ൗ1
𝜎𝐵

2

1

𝜎𝑠.𝑐.
2 =

1

𝜎𝐹
2 +

1

𝜎𝐵
2

Unweighted:

Weighted average:

𝑻𝒔.𝒄. related to hit position ‘x’
Calculated by the error transfer formula 

1

𝜎𝑠.𝑐.
2 =

1

𝜎𝐹
2 +

1

𝜎𝐵
2 .

Reduce the length of the Trigger (1cm) to reduce the 

'x' uncertainty.

Time resolution at different position (two ends)

We get a time resolution better than 80 ps from the 

1m long bar. This proves the quality of scintillator 

from GNKD. 



TRG1

TRG2

S.C. 1

S.C. 2

S.C. 3

S.C. 4

S.C. 5

S.C. 6

S.C. 7

ForwardBackward

• Cut the old 1.5𝑚 scintillator strips to be 75𝑐𝑚.

• Six strips for testing, and 10𝑐𝑚 triggers at the middle.

• CAEN DT5742 for DAQ.

• Logic trigger as input from the two trigger strips.

• 12 SiPMs at both ends of one strip.

Trigger logic 

board

DT5742 with a good time resolution

4SiPMs

Time resolution of each channel is about 𝟏𝟐𝟎 𝒑𝒔.

Time resolution of an array of long strips
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TRG1

TRG2

S.C. 1

S.C. 2

S.C. 3

S.C. 4

S.C. 5

S.C. 6

𝑇𝑖𝑚𝑒 𝐷𝐼𝐹𝐹 = 𝑇𝑆.𝐶.𝑋 − 𝑇𝑆.𝐶.1

∆𝑇 = 𝑇𝑆.𝐶.𝑋 − 𝑇0

T1 T2

T3 T4

Before calibration
After calibration

(T0 = (T1+T2+T3+T4)/4)

Time calibration with laser

𝑐 = 0.2997

Laser testing for time calibration constants

Cosmic ray

L=12cm is too short.

𝒗 = 𝟎. 𝟐𝟗𝟕 ± 𝟎. 𝟎𝟎𝟓

Time calibration with the laser
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Prototype Test (Velocity of CR Muon)
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T2

T3

T4

T5

T6

T7

T10

T11

T12

T13

T14

T15

T1

T8

T9

T16

𝑇𝑆.𝐶.1 = (𝑇2+𝑇10)/2 - 0

𝑇𝑆.𝐶.2 = (𝑇3+𝑇11)/2 - ∆𝑇1

𝑇𝑆.𝐶.3 = (𝑇4+𝑇12)/2 - ∆𝑇2

𝑇𝑆.𝐶.4 = (𝑇5+𝑇13)/2 - ∆𝑇3

𝑇𝑆.𝐶.5 = (𝑇6+𝑇14)/2 - ∆𝑇4

𝑇𝑆.𝐶.6 = (𝑇7+𝑇15)/2 - ∆𝑇5

𝑉𝐶𝑅 =0.299582±0.00011 mm/ps

𝐸𝐶𝑅 =3.1±0.4 GeV/𝑐2 for the 
mean, if it’s muon.

Muon velocity distribution of cosmic rays

Track
Time calibration

This preliminary test 

shows good results.



BaF2 + VUV MPPC (preliminary)

 BaF2 from Shanghai Institute of Ceramics (CAS), which has the slow 

component well suppressed.

 It’s a good choice for precise timing measurement.
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2𝑐𝑚 × 2𝑐𝑚 × 20𝑐𝑚 BaF2

VUV 

MPPC

Have a setup in SSRF

e-（1.35 GeV) e-

YAG crystal for scattering

Similar trigger, but use 

one-side readout.

Too large signals, reaching the dynamic 

boundary of the FE. So that the timing is 

not well measured, even through, …

𝜎𝑡𝑟𝑖𝑔𝑔𝑒𝑟 = 234.62 ± 1.38 𝑝𝑠

𝜎𝑇0 = 117.31 ± 0.69 𝑝𝑠
𝜎𝐵𝑎𝐹2 = 154.6 ± 0.91 𝑝𝑠



Summary

 We have been performing the R&D for detector based on scintillator, SiPM and WLS 

fiber.

 We can use the technologies for Belle II KLM upgrade and a muon detector for CEPC.

 KLM upgrade: good timing can be used for momentum measurement of neutral 

hadrons like 𝐾𝐿 and neutrons.

 Muon detector for CEPC: large size and high efficiency.

 Extruded scintillator+WLS fiber+SiPM shows a good efficiency, but the time resolution 

is at the ns level.

 Scintillator with long attenuation length and large size SiPMs (array) shows very good 

time resolution. We get a time resolution of ~70 𝑝𝑠 from 1 meter long scintillator from 

GNKD company.

 Fast BaF2 with VUV MPPC looks like a good choice for timing measurement.

23Thank you!



Backup
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Status of R&D: Regular design

 GNKD scintillator + Kuraray WLS fibre + NDL SiPM(3𝑚𝑚 × 3𝑚𝑚)
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3𝑚𝑚 × 3𝑚𝑚
NDL SiPM



Performance in cosmic ray testing
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strip1: one fiber

strip2: one fiber MPPC#1 

strip3: one fiber with glue#6

strip4: one fiber with glue#5

strip5: one fiber with glue + teflon

strip6: one fiber with glue + teflon

The efficiency of GNKD_150cm at far end.

The strips with optical glue and Teflon have highest efficiency, keeping upon 98% at 

threshold of 10 p.e.



8

1 GeV/c 𝜇− Event 1 GeV/c 𝐾𝐿 Event

KLM Detector Simulation

27



SiPMs will only record the time when there are more than 5 photons passing through them within 50ns.

10000 𝐾𝐿 Events

Average ~30 

hits.
Particle Identification of 𝑲𝑳
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Cuts Number

𝑁𝑒𝑣𝑒𝑛𝑡𝑠 50000

𝐾𝐿 Undergoes Hadronic Shower 49719 (99.43%)

Scintillator Signal > 0 49654 (99.31%)

𝐾𝐿 Decay in KLM Detector 47598 (95.20%)

Rough estimation on the 

KL ID would be > 90%

Flight Time Reconstruction of 𝑲𝑳
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sin(2𝛽/𝜙1) from 𝐵 → 𝐽/𝜓KL
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arXiv: 2106.13547 [hep-ex]

𝐾𝐿 reconstruction:
⚫ Get direction of 𝐾𝐿 according to cluster in KLM.
⚫ 𝐽/𝜓 → 𝑒+𝑒− or 𝜇+𝜇−

⚫ Mass constraint of 𝐽/𝜓𝐾𝐿 to get the 𝑃4 of 𝐾𝐿.

➢ 𝑁𝑠𝑖𝑔 𝑒+𝑒− = 226 ± 20 , 𝑁𝑠𝑖𝑔 𝜇+𝜇− = 267 ± 21
➢ In good agreement with Belle. 
➢ But the systematic uncertainties related to peaking background 

is relatively large. 
➢ Δ𝑁𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝑒+𝑒− = 31 , Δ𝑁𝑝𝑒𝑎𝑘𝑖𝑛𝑔 𝜇+𝜇− = 28

𝑒+𝑒−
𝜇+𝜇−



J/y->mm
e: 70.5%→70.4%



Estimation of the improvements with 

new KL ID

32

Some channels that Belle can not measure should be included in the 

future. 


