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Introduction

CEPC : FUTURE LEPTON COLLIDER

® Higgs/W/Z bosons, top, BSM searches, etc.
® Precision jet measurement.

CEPC MUON SYSTEM

® Muon identification.

® Standalone measurements of the muon
momenta.

® Improve the identification of muons produced
inside jets.

® Improve the jet energy resolution.

SCINTILLATION DETECTOR:

® [ow costs
® High efficiency

Endcap Barrel Endcap
Parameter Baseline -
Ly/2 [m] 4.14
Ry [m] 4.40 3
:éE
-Hmd I-]nl EI.DS
L, [m] 1.72 - Rex 2
i, [m] 0.50
Ly
Segmentation in ¢ 12
Number of layers 8
Total thickness of iron 6.7A (112 cm)

The structure of muon system at CEPC.

(A =16.77 cm) (8/B/12/12/16/1620/20) cm
Solid angle coverage 0.98 xdr

- . Orot 2
Position resolution [cm]

a.: 1.5

Time resolution [ns] 1-2
Detection efficiency = 95%
(F, = 5GeV)
Fake(m — pu)@30GeV < 1%
Rate capability [Hz/cm®] ~60

Technology

RPC (super module, 1 layer
readout, 2 layers of RPC )

Total area [m?]

Barrel: ~4450
Endcap: ~4150
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Total: ~8600

The K;-muon detector(KLM) at Belle II.
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Structure of the current KLLM detector

 Scintillator shape is flexible, easy to get good spatial resolution:

o = Width/
12

* Wave length shift (WLS) fiber inside scintillator to collect
photons and guide them to SiPM.

* Use SiPM at one or both ends, small size, low cost, low operating \ !
voltage, high gain and can work at high magnetic field. Superlayer for good 2-D resolution

) Sc. strip

|

Scintillator + WLS fiber + SiPM
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F_EnergyCH1@DT5725_1624

Counts

MPPC (1.3 x 1.3 mm?)

Entries 4474451
Mean 884.1
Std Dev 491.9
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Test of NDL & MPPC

Gain Dark count Optical cross talk
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® Higher dark count rate

® Higher optical cross talk NDL iS On developing e 000 e e

® [.ower Gain



Test bench

Scintillator with
Reflective layer

WLS fiber SiPM

1.5 m scintillation detector Preamplifier



Light collection of scintillator detector

Light collection Adding fiber to
improved by Tin improve light
foil collection
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Light collection of scintillator detector

50
45
40
35
30
25
20
15
10

% Without optical glue

% With optical glue

Optical glue: dowcorning 184
(Corrosion-free and light-transparent)

gl

P

number of fired pixels
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Distance to SiPM (cm)

48h room temperature curing

Completely wraps the scintillator
to reduce light leakage



Light collection of scintillator detector

Trigger

- strip 1
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Wavelength-shifting fiber keeps good photon collection at long distance o



Efficiency measurement

efficiency

The efficiency of GNKD 150cm at far end.
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The strips with optical glue and Teflon have highest efficiency, keeping upon 98% at
threshold of 10 p.e.
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1800

Time resolution test o ]
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High time resolution scintillator system (TOF-like)



The scintillators and S1iPMs

Solid scintillator (no WLS fiber) Multiple S1PMs
7y HAMAMATSU m BU'

SAINT-GOBAIN

4xS1PM 12xSiPM

» Thicker scintillators with longer attenuation lengths and large areas of SiPM can improve photon collection. 14



Influencing factors of time resolution

SPTR 5000

3mm length
O [ps]

PDE=55%, LTE=68% | Fa Ity
500 F-- —F— -+ '

e Coincidence time resolution (CTR)

T4: scintillation decay time

p n,: the number of photons detected [
p 50ps }
 the contribution of electronic noise on SPTRI?!: : 10
5 |
5. — Onoise Onoise . the RMS of baseline noise
t dV /dt dV/dt : The slope of single photon waveforms 0-502 R e 1
V1 SPTR influenced by: S E:g?up:e%hotons
//_ E— (electronics. SiPM) single photon time resolution (SPTR)!
- —— =
/
Vru 1 scintillator: 3mm length LSO:Ce,Ca(0.4%) crystal
0 - - /2{ l
' I : .
nowe I -—— |1 To improve CTR of scintillator:
Ll > * Reduction of electronic noise
O T * Selection of scintillators --short decay time
* Increase photon number collection (high light

* Improve the rise time — High bandwidth, high swing rate (>350MHz)
* Readout electronics noise reduction — Low-noise transistors, filter circuits™
(<ImV)

yield)

[1]Stefan Gundacker, ect Measurement of intrinsic rise times for various L(Y)SO and LuAG scintillators with a general study of prompt photons to achieve 10 ps in TOF-PET[J],2016,61(7). 15

[2]Joshua W Cates,ect Improved single photon time resolution for analog SiPMs with front end readout that reduces influence of electronic noise[J],2018,63(18).



Design of preamplifier

Rp

AMP

v+

SiPM

Out

— 30

R match

Gain: +20 V/V

Input impedance: 50€2

Cost :30 ¥/Ch

Performance test of preamplifier

Bandwidth(-3dB): 400 MHz
Baseline noise(RMS): 300uV

[a V39V —— Large Singal(2Vpp)
1800 — ¢ V33V _— —— Small Singal(200mVpp)
L4 V#28] mv s EEEEEEE 21
1600 .Il =22 oo T 20 4
]
1400 - -24 - i
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s 1200 . 16 -
E 1000 . -2 S, - S —— o1
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2 800 £12
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Inuput (mV) al )

Dynamic range testing

Baseline noise test

Bandwidth testing

— ¥ (Hits)

T T 1
0.1 02 03

X: (V)

SiPM photoelectron peak16



S1PM time resolution test

Waveform Digitization Off-line program CFD

Time resolution test setup

S$13360-1325CS 70 —a— EQR10-11-1010
—— $13360-1350CS ] —e— 513360-1350
25 - —S813360-1375CS —a&— EQR15-11-6060
“] 507 —+— S14160-6050 Small area: (1 x]1 mm?/1.3x1.3 mmz)
[72] . .

20 o Photons > 5 , Time resolution < 50ps
2 2 Photons > 40 , Time resolution < 25ps
= = 9
o 15+ 3 40
E o
= ©
oo £ 5. Large area: (6x6 mm?)

Photons > 20 , Time resolution < 50ps
i 20 o o
° Photons > 70 , Time resolution < 25ps
0 10 T T T T T T T T T T 1
(IJ 1'0 2'0 3'0 4'0 5'0 6IO 0 50 100 150 200 250
Time (ns) N Photon

Single photon signal of SiPMs Time resolution varies with the number of photons 17



Plastic scintillator test using cosmic rays

10cm ADC1
T 1 — T2 _ htemp
MEPC TRGI MPPC 20 Entries 1366
arrays 1 arrays 2
MPPC MPPC 200 — Mean 57.88
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Time resolution of long strip: GNKD new(2cm)

. \
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Time resolution test for different position(single-ended)

T1[] Qo f~~"9 B~ "0 B---8 B~"70 . .
» Change the location of the trigger,
TF o . . i .
, — I — . we can get the time resolution of different position.
T30 UT4 b _ 0 bo__ 8 bo__4 L___2t
400 -
207 GNKD_1(1.5m) —=—GNKD_1(1.5m)
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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. 20



Time resolution test for different position(both averaged)

Backward  ____ L L ____ Forward
TB:TO_I_L;X < Lx X > TF=TO+%
Lo __ 4 T3[ HT4p___4 bL___4d b_o__=*
Unweighted:
Tr + Tg L ) ) 5
Tse = 5 =Ty + E Osc. = (0 +05)/4
Weighted average:
T T
F/ 2t B/ 2 1 1 1
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—— Both Averaged Calculated by the error transfer formula G;
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O 120
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80 7] /\
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0 20 40 60 80 100
1 N 1 Zhit
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—w— TEST Reduce the length of the Trigger (1cm) to reduce the 'x' uncertainty.
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Prototype Test

GNKD 1 7Scm ) Tei p——— = ZTr=pg =i
_ N Logical rgger > I . o DT5742
AND . 7% ok iy
¥ ) F T A0 B Y“J‘ ) g.' DRS4 Chip
S e 8 &
ﬂ'-i . o S L

16 + 1 channel
12 bit @ 5 GS/s
BW: 500 MHz

16Ch
PreAMP

A 2 4

-1.5V ~ +1.5V

P

Prototype test setup Time Calibration of prototype DT5742 signal waveform 29



Prototype Test (Velocity of CR Muon)

T1f] [ 1119
T2 | |« I » | T10 Tscqa = (To+T0)/2 -0
[
T3 [ Tl Tgep = (Ts+T11)/2 - ATy
[
T4 I T12 Tscz = (Ty+T12)/2 - AT,
[
TS / TI3  Tsca = (Ts+T13)/2 - AT;
[
T6 | T14  Tscs = (Te+T1a)/2 - AT,
[
T7 | TI5  Tsce = (T7+T15)/2 - ATs
T8 L1/ [1T16
Track j
\ m  Scintillator position\ ®
‘«;;; 200[—
400 - . S 10 — Entries = 1497
- Voo =0.299582+0.00011 mm/ps "3
E 140 :_ Sigma 3.423 + 0.082
C -
S Epoun =3.120.4 GeV/c? 120
§2oo- 100—
s sof-
© -
._.=: 60:—
0~ 202—
97:)”— —10||I‘(IJ||I‘1I0I|I‘2IOIII‘30
Velocity(cm/ns)
~1500 ~1000 ~500 0

TIME DIFF (69) Muon velocity distribution of cosmicrays 23



Summary

» Good performance of the current design for efficiency.

» The time resolution is less than 1.5 ns for scintillator + WLS + SiPM system.

» A preamplifier with time resolution of 20ps is designed.
» The combination of series and parallel can improve the time resolution of multiple SiPM arrays.
» The GNKD plastic scintillator (1m) achieves a time resolution of 80ps.

> The prototype of scintillator realizes the energy measurement of cosmic ray Muon (3.1+0.4 GeV/c?).
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Introduction

K-long & Muon Detector upgrades

» Replace remaining RPCs in barrel with scintillator strips.

» Re-design electronics layout, high-resolution timing for K; momentum via time of flight.

| ¥ O i i I " I o |
TOP VIEW

The structure of Belle II KLM

Snowmass whitepaper, arXiv: 2203.11349 27




K; & muon detector in Belle

» CR testing with two strips

» High efficiency

> Time resolution: < 1.5ns

WLS fiber  limits  the
improvement of time resolution

100

E T - ! £ [ AT = 4964 =47
95 3 oo o= 1727 +45
90— i
85; so_—
£ soi i
g 75? 60:—
E o SD-TiO2 o
85 SD-Teflon -
60— ' 20—
ss. Remote end can also ensure high efficiency - s }
g : ; 5y
gL L L e s Oslgpsssin Jiaé%m““ L ﬁnéﬂﬂ&“{njm“ g
2 ¢ 6 Threshfld(p.e] 10 2 1 Time Difference (ps)
SiPM output signal Keeping high efficiency at 10 p.e. threshold Time difference of two channel
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Time resolution upgrade

Scintillator for detection

Precise measurement of the four-momentum of neutral hadrons
* Uncharged

* Complex hadron shower

Scintillator detector

* High time resolution

* Fast time response components in hadron showers

* Flight velocity: from the collision point to the KLM detector

& solid angle and particle identification information

L
p="7mv= — if L=2 =3 =~ 1.5 GeV/
Vi2eZ — L2 1 m, y=3, p=15GeVsi
ﬁ__mQLQ __msz 0t=100ps  soop=0.19 GeV/c
op  t-p? P’ Relative error ~ 13%

innermost layer » outermost layer

tracking electromagnetic hadronic muon
system  calorimeter calorimeter system

photons
—_—

electrons

—_—

muons
—_—

protons
Kaons
pions
—

neutrons
0
KL




Time resolution of long strip: GNKD(3cm)

GNKD: 4 x 3 x 150 cm’
Without polish and light guide

i  Trigger WA
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* Longer strip
* Shorter attenuation length
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5000
gFETR 3mm length _ - CTR X \/ Td / np
ps] PDE=55%,LTE=68% | Near:d(y
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With Tin foil

2

./

SiPM PRE-AMP(3 = 4)-Han

12 SiPMs in parallel

Counts

1
Li trigger2 || 6 ]

Saint-Gobain (5 x 3 x 120 cm3)
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400

300

200
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AT=(T1+T2+4T5+T6)/4-(T3+T4)/2

lo

Time Difference (ps)

Time Difference (ps)

AT between 2+6 and 4 (left), or 145 and 3 (right)

£ a0 AT =-2466.15 +2.0
S 350? o= 1133 1.7
300?—
250;
QOOE— o __ _____
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parallel 190~ S ]
1005—
50% #
C #
j 00 — ‘gﬁLdOd‘I ‘ I—‘TSLOO‘ s ‘—TUOO
Time Difference (ps)
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; o= 170.9+1.9 § E o= 1743+%1.9
- o Spatial resolution according
- wf to AT between 3 and 4
i i 300: 30
- / - | should be ~0.17 X — cm,
E - j which is 3.4cm
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S1PM readout electronics performance test

DTS5810B > Trigger 250 - —— Rise time: 2ns
‘ ] —— Rise time: 7ns
s —+— Rise time: 11ns
E: AMP 200 -
CH1 AMP ]
A=
p 150
2
» 5 I
o)
g 100 \
o) ]
£
= 50- NG
| \ \R. —— 20ps
D B ———a
I I I I I
0 20 40 60 80

risetime : Ins fall time : 100ns o, = Onoise
signal amplitude: 2 —80mV (dV/dt)MAx
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Prototype Test

» Using aluminum foil as the reflector can improve the signal amplitude, thus improve the time resolution.

200 ~

Prototype test setup

F. 00my % 100my A J[4U.0n$

2.5065/s
W+¥18.40000ns 1000 polnts

.)C . 13 Jul 2023
4.68 W 14:56:14

Trigger signal waveform

—u— None 170
. 160 e Alfoil
—~ 150 ° AN \ .
2 \ | e » 8150
2 \ A 2 130ps — 120
2 \'/ \\. [ ] _g 140 4 p p
c (7]
100 " 75mV — 125mV ° . . .
= € 130 " =
n " m =
YAV e . 5
y u n 120 4 ° °
50 ¢
T T T T T T T T T T T T T T T 1 110 T
0 2 4 6 8 10 12 14 16 1 2 3 4 5
Scintillator No. Scintillator No.
Tek Fun 11 | Trig? -
. ﬁ . \\\
B

DT5742 signal waveform
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T,+T,+T5;+T, D
Trre = 4 =To + o
T, | x | Dx [T,
X
_ ~ X L-X
Tp=To + v < > | < >
T3 Ty
v
Unweighted: Weighted average:
Tr—x/v Tg—(l—x)/v
T +T, I (Tr—x/v) 2_|_(B ( )/)/2 -
TAVG: —:TO + — T — Of Op
2 2v AVG 1 1 1007
2 2 2 /O-FZ " /Ulg F oo
OpvG = (O-F + O-B)/4 g-moo-
AT B 3 D _ L , 1 1 ig-zooo-
= Trre — Tave = 20 Oavg = P + Py b
F B 4000

2 2 2
OAr = O7Rg T Oapg

|= 68 ps/cm

L—x
Ty =Ty +
v
= Time (ps)
FIT

Equation y=a+b*x
Plot Time
Weight No Weighting
Intercept 2135.02889 £ 60.17318
Slope -68.062 + 1.03028
Residual Sum of Squares 60928.70349
Pearson's r -0.9992
R-Square (COD) 0.9984
Adj. R-Square 0.99817

0 20

T T T T
40 60 80 100
Distance (cm)
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