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MEG Il experiment

The most sensitive u™ —» e*y search experiment in the world
with the most intense DC muon beam at PSI

v'In Standard Model
strongly suppressed and cannot be found by experiment

v'In Beyond Standard Model with SUSY-GUT, SUSY-seesaw
model ---

Br(u* — e* y) becomes larger and we can find by
experiment !

To discover u™ - e* y means to discover new physics !




MEG Il experiment—-detectors-

Liquid Xe Detector MEG Il unprecedented sensitivity :
Detect gamma-rays

. ',\”; ~~~~~ Bf([[" — e"’ Y)~4-.OX1O_14
g\”th IvlFI)tP(J;S a?‘?) Saseil (%10 better than MEG experiment !)
photomultiplier tibe

Radiative Decay
Counter(RDC)
Detect low-
energy positron
Tag BG event

positron Timing

y &
oA
¢

Counter(pTC)

Drift Chamber Get the timing of positron

Track positron




1 pixel counter & PCBM E E | https://meg.web.psi.ch/docs/talks/JPS/2015a/yoshida_jps2015a.pptx &£ ¥ 5| H

ultra-fast plastic

Positron Timing Counter e efector

120mm x 40mm x 5mm
120mm x 50mm x 5mm

1 pixel counter PCB

256 counters T sg

6series SiPM on PCB

e

—Timinng “c:ounter e A | Supr?_ct;rt s]:tructul.rte) a?_d SiPM : ASD-NUV3S-P
aser fiber for calibration High-Gain (MEG)
Features :
v Small pixels(512 pixels) Analysis Flow of Timing Counter

v 6 series SiPM+fast scinti.

v' Using multihit information Waveform Hit .
v Time resolution ~ 30ps DAQ analysis ||| reconstruction = Clustering =
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Waveform Simulation

Motivation

Y¢Deep understanding on detector
vcEvaluate the detector performance

Application
v' Physics process in detector
v' Noise effect on performance

1.Set up
Set detectors

Event generation

2.Photon Tracking

Record
hit pixel & time

v' Pile up effect w/ actual MEG Il physics run setup

v Radiation damage and current increase effect
etc...

3.Simulate Waveform
By using hit information &
SiPM’s response

N

» 4. Waveform Analysis
Get the time resolution

Using measured parameters

Ex. Dark count rate,Recovery time,Prompt Cross Talk probability
Probability of afterpulse & delayed cross talk
Time const of afterpulse & delayed cross talk




Waveform Simulation Status

Already studied & included SiPM noises:

Cross talk, Dark noise, White noise, etc:-:
(Ref. JPS Slide {http://meg.icepp.s.u-tokyo.ac.jp/docs/talks/JPS/2016s/yoshida_jps2016s.pdf})

Not studied & included SiPM noises : ooton Model of SiPM
Afterpulse, Delayed cross talk

Oe
I " o RPN P-IR Y E
Including all noises properly must be done i
to simulate pulse & understand detector ﬁ

°
#5351 F)hep-www.px.tsukuba.ac.jp/~hontaku/MPPCSchool/slides/MPPCshibata.pptx Diffuse to neighboring pixels
23PDM %5 B, —#BEE

(Delayed cross talk)
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Model & Measurement
Measurement set up

Bias : Vbd+3.0[V]

Random trigger(ch3)

There are some previous studies on afterpulse measurement

The number of component Pocket pulser

2 afterpulse component & 0 delayed cross talk component Thermal chamber (+ divider)
@30deg HV

1 afterpulse component & 1 delayed cross talk component |

Measurement method Amp ——— DRS

Many of afterpulse measurement uses :
waveform analysis & deconvolution Dark noise(chl) :

y

->to suppress the tail of pulse Waveform analysis

Waveform acquired by DRS
N d L 2nd pulse

Domino Ring Sampling chip : DRS L
Waveform digitizer used in MEG

Deconvolution

[refE1+im> F BN HE 2R PPD OEANFME O &, EENFARICAITZHRAR (EH H17. FK21E1H8H) ] AP 2 comp. \ i \

[ref2:Afterpulse and delayed crosstalk analysis on a STMicroelectronics silicon photomultiplier(Ferenc Nagy et al., Nuclear
Instruments and Methods in Physics Research A 759 (2014) 44-49)] AP1 comp+DCT 1 comp.

[ref3 : Characterisation studies of silicon photomultipliers(Patrick Eckert et al. Nuclear Instruments and Methods in Physics
Research A 620 (2010) 217-226)] AP2 comp.
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Measurement Result

Model assumption

2D

lot of 2" pulse distribution

©
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Time difference b/w 1st pulse and 2" pulsels]

v' Delayed cross talk occurs at only neighboring pixel
v' Afterpulse occurs at only the same pixel
v Only 1 delayed cross talk & afterpulse can occur

from 1 avalanche

v' The time distribution of 2nd pulse obeys to:

t

TDCT TAP

e_TDCT or Le TAP

Ppcr
Ppcr
(1‘PDCT)

(1‘PDCT)

(1‘PAP)
Pap

Pap

(1‘PAP)




Model and

12

Py (ppcr>Paps Tap, Tocr) = P1a + P1p + P1c + P14
P,(ppcrsPaps Tap, Tpcr) = Pap + Poc

Fitting Fitting function is
Nl (pDCTr Pap,Tap, TDCT) = Ntrigger windowBinwidthpl/Idead time cor.

NZ (pDCT: Pap,Tap, TDCT) = Ntrigger windowBinwidthPZ/Idead time cor.

At this model we can get 4
parameters(common to P, & P,)
only by fitting.

I 7Y Tper

Py (Ppcr» Paps Taps Toer)

TDCT1TRN
_ TDCTHIRN = " 7rorron b
=ppcr(1 — pap) ————e TDCTRN
TDCTTRN

TRN+TDCT TDCTTRN"'TRNTAP"'TAPTDCTt

—_— T T T
+pDCTpAP e DCTTAPTRN

TDCTTRN

t t

1 @ — =
+p4p(1 — Ppcr) (ae RN e TAP)

t
1 ——
+(1 = pap)(1 — pDCT)T_e RN
RN
=P1q+P1p + P1c + Pygq

Average 22.3% 31.6% 718.5ns 107ns
Individual +1.2% +0.6% +4.7ns +12ns
difference

Error of each fitting ~3% ~3% ~5% ~10%

1D Plot of Time difference
Afterpulse
Entries 1832143000 AY Entries 18321
Mean -8.891e-0 \ Mean 8.779e-08
BRMS  4.969e-08

\ RMS  4.237e-08

N
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P, (pDCT: Pap,Tap, TDCT)
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— T T T
_pDCT pAPT—e DCT*AP'RN
AP
1 _TAP"'"-'RNt
+P4p(1 — Pper) e TAPTRN

= Payp + Py,
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Time difference b/w 1st pulse and 2" pulsel[s]
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R Pilot run(2015 Dec.) current monitor

DefaultZCH 33 Current = 2,377

Radiation damage = zdasemecn 4w

expected intensity
ﬁ

) N

~0.5uA
increase
each

v'Current increase by radiation
damage @ past pilot run

4 iy # “‘w/*‘f e
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v Expected current increase :
100~200 1 A
(25week x 3 year physics run)

Dec 88:80 22 Dec 1S 12:08 3 Dec 15 ©99:00 15
=TR0 = Leveeeedennnn ! LS PTRRR Y PUUE FRUU O NPT PP ROOOPIY PO U0 PORUUPPRRY. RN, T T Loeeedd COURY. D eeeeit
E . . : o SPi(Waveform oo :
“xE Simulation @ R _

Normal n0|se rate

2
[TITTTTTTTTTTITT

At this current level, time
resolution may be deteriorated

|IIIIQIIII|
=

Simulation @
High noise rate

Check the effect from simulation | =
by changing dark count rate w

[T T




Simulation Result

Sr90

tie ft tright

.‘ trigger counter

Time resolution is defined as:
tright + tleft
2
tleft & tright
The time when height becomes
20% of peak height

Time resolution[s]

1E-10

9E-11

Dark Count Rate vs. Time resolution

~100-200 u A

20 40 60 80
Dark Count Rate [MHz]

100

120

The effect on gain : no significant deterioration
The effect on time resolution : ~16%-34%

The deterioration level is not so serious : Estimated ~few % for overall sensitivity
But we have to check operation of Timing Counter @ high current level

15




Summary and prospect

« Waveform simulation
For deep understanding on detector, we are developing the simulation scheme
« Afterpulse measurement for waveform simulation
Calculation of simple & intuitive afterpulse + delayed cross talk model
Fitting and analysis to get :
Probability of afterpulse(31.6%) & delayed cross talk(22.3%)
Time const of afterpulse(107ns) & delayed cross talk(78.5ns)
Model comparison w/ previous studies & more systematic study will be done
« Application of waveform simulation
One example of application :Radiation damage effect on time resolution
~16-34% deterioration on time resolution
It is not so serious but we have to check the operation @ high current level




Back up



AfterPulse + Delayed Cross Talk Model

©1 t t
AP:AfterPulse 1t e dt = e™
DCT:DelayedCrossTalk pP=g e
RN:RandomNoise Trapped by AP \ ] Afterpulse —— Random noise
component :
pAP*(1-pDCT) 4 p=aea Random noise  —  Afterpulse
t
/ 1 ¢ etAap
pAP*(1-p1DCT p = ——eTcr
Tpcr .
. / . Trapped by DCT —» DCT —> Random NolSe
T(ngker pgls)e | component \
ArKnoIse \ Random noise — DCT
pAP*pDCT

\ Trapped by DCT+AP | Afterpulse | —— DCT+RN

component i DCT —* AP+RN
G:pAPVCLpDCT)\\\

Random noise —— AP+DCT

AP & DCT did not
happen > Random noise




Calculation of fit function =RN + DCT-

RN 2R T
-1-Detected at DCT+RN region DCTH%|c3k 2 Z D%DCTAE %
-la-Trapped by only DCT component
1 __t © 1 __t 1 _t r*® 1 __t
P, =pDCT(1—pAP)< e TDCTxf ——e RN dt + ——e RN e 'ocr dt)
Tpcr t TRN TRN t TUDCT

_TDCT"‘TRNt
e TDCTTRN

_ TpCT+TRN
= Pper(1 — pap) ———
TDCTTRN

-1b-Trapped by AP and DCT component

t ot ot ot
1
Puv = Pocrpar (cpere 2 X J) ae dt [ e rdt +—e [ e e de [ S
+ 7 TDCTTRN+TRNTRX)9+TAPTDCT
TRN DCT t
= e TDCTTAPTRN

TpcTtTRN
-1c-Trapped by AP component (and RN is detected)

1 __t ® 1 __t 1 __t _t
Pic = pap(1 = ppcr) <—6’ RN Xj —e TapP dt> = par(1 — Ppcr) <—6’ RNe TAP)
TRN t Tap TRN

-1d-No trap

t

1 __t
Pig =1 —pap)(1 —ppcr) —e RN
TRN



Calculation of Fit Func. —AP-

-2- Detected in AP region
-1b-Trapped by AP and DCT component

1 __t © 1 __t © 1 __t
Py, = DPperPap <—e Tap XJ ——e RN dtj e Tpcr dt)
f

Tap TRN t IDCT
1 _ DCTTRN+TRNTAP+TAPTDCTt
= PpcrPap —€ TDCTTAPTRN
Tap

-1c-Trapped by AP component
1 __t © 1 __t
Pyc = pap(1 = pper) <—6’ Al Xf —e RN dt)
t

Tap TRN
1 _TAP"‘TRNt
= pap(1 — Dpcr) —e TAPTRN a trap )
AP
b trap trap
So, Fit Func. is
Py (Ppcr» PapsTap Tpcr) = P1a + P1p + P1c+P1g  C - trap

P,(ppcr>Paps Tap, Tocr) = Pap + Pac



Waveform : 000

Analysis
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First pulse isin VETO
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Waveform : 000
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First pulse is in trigger region
m ->used
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-1 -0.8

VETO region(300ns)

If 1st pulse comes to this region,

we do not use that event for analysis
Fedkppim=a to get primary random noise

Trigger region(400ns)

If 1st pulse comes in this region,
it is efficient event and search for
2nd pulse after 1st pulse




Example of Deconvolution

Waveform : 000

Waveform : 000
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015
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FEREIET

bad resolution

pulse widthA il &% : TL D/ A X% AIEEEL B 5
pulse widthA K3 &% : dark noiseZ DBt T & LY

22

Parameter optimization & improvement will be studied.

Pulse width should be optimized to distingush the pulse properly




Delayed Cross Talk and Afterpulse

23

NOU. NAME VALUE ERRUR S1/ZE DERLVAILVE
1 Prob_DCT 2.18888e-01 5.07251e-03 5.36147e-06 -4.44711e-04
2 Prob_AP 3.07108e-01 5.50071e-03 6.57516e-06 2.471R2a_0nA AP DCT HIST
3 TimeConst_DCT 7.44914e-08 3.16120e-09 3.2496%e-12 - - - hagd
4 TimeConst_AP 1.24313e-07 1.1?581e—@8 1.31117e-11 -9 3000:— 521225_1‘5333:?5; By flttlng, we
ERR DEF= 0.5 - RMS  4.236e-07
P |Se sipen|0]-hetght1]:51pmg0]. phbme] 1]-sipe|0]. pheime 0] {SIpm{o].pktime{2]--0.3e-64 Asipayl]. phbmef0]>-0.7e-5] 2500_— got the pa ra meters
‘Fu - . .
y . - for simulation
height & 2000] DCT - AP prob
_g'm.u14 C N .
gﬂ _________ ~ V) - AP time const
i L
= - DCT prob.
£
wn

x107¢

014
Time difference b/w 1st pulse and 2" pulse[s]

- DCT time const

.I...xHTS

0.007

0.006

0.005

0.004

0.003

-0.6

-0.4

-0.2

0

0.6

T e |

08 1

Also by using the 2D
histgram AP region,

we can get

* recovery time

the result was : 185 %= 2ns

x107



MEG Il Sensitivity vs. Tegamma
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Algorithms of simulation

Hit
pixel

DCT algorithm

After pulse and DCT time difference is reproduced by
MC method :

t 1 __t_ __t

f:j e Toct dt =1 — e T7Tpcr
o TbcT

>t = —Tpcrin(l = <)

where 0 < & < 1 (random number)

DCT occurs at only neighboring pixel

The time difference (t) b/w first pulse and second pulse obeys ~—

t
etDcT

TpcT




Reconstruction from simulation

apreppd (2] baighi|1]:ssaepdl2| pkmal 1) 42| I 12} D.ta-2 A& spappd(2] phamale] < -0 308

E fr . | T .-_I. '. l | |I |1 I. -.| T . |. [ T T T T | T T T T T
— :

£ . e e e
= 005

==

=

X L I N O A O VL) S S
=

=

&

%0‘003 .................................

0.002f-

v -
.........

0.001

2T oa
spxppndl2l.oktimel11-spxpndl2].nktimel01

This is rough analysis

We could not set 1 s window,

so analysis was not the same to measurement

Parameter is not optimized yet

1600
1400
1200
1000
800
600
400
200

Input:

AP prob. 30%

DCT prob. 26%

AP time const. 110ns
DCT time const. 84ns
recovery time. 185 ns

T T T T I T T T T l T T T T l T

"hadd’

Mean —1.469¢—07

....................................................................................................

RMS 4.206e—07

1T 1T 1T 1T 11

T

..................................................................

...................................................................

%107

| | | | | | |
v 0.5 1
NAME VALUE ERROR SIZE DERIVATIVE
Prob_DCT 3.24031e-01 7.84217e-03 1.14880e-05 1.88715e-03
Prob_AP 2.84324e-01 8.72343e-03 1.31057e-05 -2.67125e-03
TimeConst_DCT 8.06186e-08 3.43598e-09 4.92327e-12 1.55593e+04
TimeConst_AP 1.15248e-07 1.49950e-08 2.22373e-11 -4.21476e+03

ERR DFEFFEF— (A |



Time resolution measurement set up
06y E < 2.2MeV S -ray

array - left array - right

Thermal chamber

time resolution

tright + tleft
2 o tref)

Amp Amp t : cftime of each channel

Light Signal i '
g g g Light Signal

Trigger Signal




SERZIc DL T(Model & Measurement)

P9-12T%%#(C L f-afterpulsex>delayed cross talk D ETI)L, SHEINOLDETILE DL H IRETH,

o B FEFENIEHZE PPD OEKREEDER &, EERARRICHEIT-E (£ F17. F21F188
BH) (http://www.icepp.s.u-tokyo.ac.jp/yamashita/archives/oide/oide_mthesis.pdf)

Afterpulse 2B TDET L ZMEAI Tl H D, Fittingh SHEEZRH D ETIVDHEAILTH, F XL/
A DY 31T, BIEICE T B DeconvolutiondD FEFEZSZE(Z L 7=, Recovery timezE/E L TUL 7Ly,

« Afterpulse and delayed crosstalk analysis on a STMicroelectronics silicon photomultiplier (Ferenc
Nagy et al., Nuclear Instruments and Methods in Physics Research A 759 &014) A44-49 )

(http://www.sciencedirect.com/science/article/pii/S0168900214004501)

Delayed Cross Talk 1B% 7). Afterpulselpt>®E 7 )L, Delayed Cross Talk IRRICOWT DY, KfEZE
PIEHEEINED  LFEZSEIC LT,

« Characterisation studies of silicon photomultipliers(Patrick Eckert et al. Nuclear Instruments and
Methods in Physics Research A 620 (2010) 217-226)

(http://www.sciencedirect.com/science/article/pii/S0168900210008156)
Afterpulse2 XD D LLERRIS > IV ET L, BOD LHEREZRD 5,



TORsIALE

« P8Model of SiPM®d5|H
(hep-www.px.tsukuba.ac.jp/~hontaku/MPPCSchool/slides/MPPCshibata.pptx)

23POX %5, EBIAEEC L, 7OX =7 DOFREKEXEZIK L. Delayed Cross
Talk,Afterpulse DFEEEZBINT 5740 & D—EBER

« PEBORT—H R
2015Ff =K< (https://meg.web.psi.ch/docs/talks/JPS/2015a/yoshida_jps2015a.pptx)
E71EFERXRKE (https://meg.web.psi.ch/docs/talks/JPS/2016s/yoshida_jps2016s.pdf)

K. Yoshida “MEG Il EERD 7= D SiPM ZHW/GEF XA I T h7 0 X—Dy T alb— 3
£ 5 MR T &

- PSOEE

1 pixel counterE PCBOEE (F2015FMERED X T A4 K& V5|



