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MEG Il experiment

Positron spectrometer

» Target

e Stops muons inside target

» Liquid Xenon (LXe) calorimeter

* Detects signal photons
c.f.17aT12 /I\ik, B H

19pT14 S H. /NI R

» Radiative decay counter (RDC) /

* Detects background

positrons
c.f. 18pT12 K&

positron

Search for u* — ey reaction

* Bends signal positrons with
constant radius

» Cylindrical drift chamber (CDCH)

__—= Single volume wire chamber
with He based gas

e Reconstructs positron track

Plastic scintillator + SiPM
readout
* Reconstructs positron time

B RN
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Introduction

> pTC design 6 series-connected
SiPM chain

12cm

12cm

reflector

Single counter design

plastic scintillator

hit pixels Pixelated design of pTC

allows multiple-hits for
signal positron event

positron track

Positron event display
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Introduction

»pTC performance
* Pixelated design allows Ny ;:~8 for signal event
* High time resolution can be achieved for multiple-hit events

Event time resolution
x107"2 hTCNHit

asmglecounter ENPUNEIR NN N MU VLN | MRS PR PRI PR W

................. aevent i Mean 8.434|_

o]
o

~
o
IIIIIlIIII

[0}
(=}

Event time resolution [s]

50

40

= ~36.6ps

30

20

10

2 4 6 8 10 12 14 16 18 20
Number of hits distribution

0 2 4 6 8 10 12 14
Number of hits

pTC time resolution
obtained from MC
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Aim & motivation
> Aim

* Understand time response of detector & improve analysis algorithm

1. Investigate vertical position dependence of reconstructed hit time
2. Investigate how hit time is affected by (non-uniform) radiation damage to SiPMs
3. Attempt some time correction in offline analysis to improve pTC performance

not considered
till now

already considered
in analysis
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Aim & motivation
» Motivation (1) » Motivation (2)

» Vertical position dependence is seen for “edge « F1{k R’s previous study suggest that radiation
hits” in 2017 data damage can affect time center behavior
Hit ti .S. iti -9
OJXIUQ ittime v.s. v position 0ﬂ6§me e

RN A R . - : q
E E' —*— 4cm counter i 0.04" 30C&10C
:g —*— 5cm counter %0.02:
= : : ] = B
T 1 1 Po——F+o
E | i g '?:-0.02 é" : : Eattem z:}):z - ’_%%_1
......... e Sogq | " rweswe|
“5&.. ¢ QQ & 5 E A Pattern C 30°C . e S
’: ® C';)é‘().06 ;_ Z ia:ern : i:::((:j T
e I 4
] .................................................................................................................. _0.1: :
g)ﬂ ..i.. | | | _01:""I'lllil!llIlllillllllll_
o V= -1 0 1 2 B0 05 0 05 1 15
© v [em] y-position [cm]

Position Scan at x=-4.25

Position dependence from 2017
data using pTC tracking FUATS [SPMBEFIEREAL LB SS 2T L—> 2 BRREE

DISHIEHIC L 2 E0E] AAYBERETARIFERRE
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Overview
> Lab test

* Position scan to check intrinsic vertical position dependence of hit time
* Position scan using SiPMs with different radiation damage patterns

» Effect on MEG Il pTC
e Reproduction of data with MC simulation
» Study effect of vertical time offset on pTC performance
e Time correction using MC simulation

* Time correction using pTC data

B RN
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Measurement setup (1/2)

l X
non-damaged SiPM . >
RN non-damaged electron-irradiated SiPM Y x (=4.25,+1.0)
" ®  peutron-irradiated SiPM X (-4.25,-1.0)

LN  PatternA
LN  rattern B

Electron source
TN pattern C . +HV
gradation « Readout ference

of damage X chl [hZ
- C
\ DRS
N

higher Amplifier (1.6GHz)
damage ch3

readout

trigger counter
normal reverse

order order

(Pulse height) = height j,
(Time center) = cftime .y, — cftime ps

AAYIEFS 2019FEMEAE FA BN




MEG IIZEERICH T G5B FOERBEEDBE

Measurement setup (2/2)

>V curves of used SiPMs

 Damage level of each SiPM is apparent from IV curves
 Damage level of pattern C is comparable to that expected in MEG Il (~5X10°14 ., /cm?)

9 2
5.5X10° 1y /cm
I-V curve of each SiPM I-V curve of each SiPM |-V curve of each SiPM
< o[ [ siev I rr T I > < > T T+ sievi ! I RS
3 10 SiPM2 = s 10 E SiPM2 L
g F SiPM3 g § - SiPM3 : : SSiar ¥
v Si : v Si H : xt ot
= 10 | 7 Sirme i~ —~ E = 10 | SPMe N
5 E SiPM5 ; 3 S 6 E SiPMS : '..
C SiPM6 b = i o*
- | e i
10—1 = .;;.', S T =
- i =
10—2 E_!” ................... _i
T L ETIIIII 0!
i ! 3x10 nlM@V/cnz ; | | | :
10—3 ll“"llll 10—3 el SO T - - 1 1 L L 10—3 T F I S S Y I S N | S SR P FRI (R S () O S
22 23 24 25 26 27 28 22 23 24 25 26 27 28 22 23 24 25 26 27 28
Voltage [V] Voltage [V] Voltage [V]
Pattern A Pattern B Pattern C
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Pulse height behavior (1/2)

> Result

e Opposite behavior for normal & reverse order— clear effect of radiation damage
* Pulse height is bigger when hit point is closer to less-damaged SiPM

Pulse height v.s. y for x=-4.25 Pulse height v.s. y for x=-4.25 Pulse height v.s. y for x=-4.25
E 022 N T ! T ! ! T E 022 T ! ! T T — E 0.22 N L | T ! T T ! T
- B . : . i . b - . . . 5 . - B - i p ; . 7
= - : : : . = - : : : : : . = - : : -
_? 02p==cce- .........‘.......,................’ ..... - .%0 02f== === D R T — .%‘J 02f===naan ‘,. ...... .- ...... E ......-.-.....-’ ..... -
2 - : 4 : ° : . E - : ) : : . . 2 - - : : 'Y : 5
%] = . . . . ol -] n . g %) = " . " . . i
E FYT] IO, FAUp . SO -:... ..... - = TP A S A L - 4 sle--- R R P L. -
R . . é § ] & L . . . ) p ] & L , ' : é . i
) : : : : - ] - &) : ] - ) ° ° -
P! I F . I U S . P . S Q- n---- O —— . 016 fmr v e e e L S PR R SR .
N . ® . . . ] N : ® i : . n " : . . . : h
o oe s @ YO S R SRR, S . 014'_..,_.., ....... e .. - D A R S N T SR -
X : | “®— normal order ] C : | —®— normal order ] X : | —®— normal order : ]
02 === === == N . e — 012 === === == ~f  peasa=s IR — 012 == = = === ~f  pkasaans e —
[ . | —®— reverse order . ] [ : | —®— reverse order ] [ : | —®— reverse order :
PP B RS T R o o 2 ) 1. S I PN B T R A R
043 Y 05 [0 0.5 1 g 043 1 205 0 05 1 15 043 = 05 0 05 1 s
y [em] y [em] y [em]

Pattern A Pattern B Pattern C
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Pulse height behavior (2/2)

» Interpretation

e Current flowing through each SiPM is common
in series-connection

* Difference in I-V characteristics causes
overvoltage difference between non-damaged
& damaged SiPM

* Non-damaged SiPMs yield higher gain than
damaged SiPMs

Current [uA]

I-V curve of each SiPM

102 ] = SPM L U T A T L

= | - siem2 damaged SIPM R

- | ¢ osiPm3 . kg

10 keeee{s I SEMA L1 desaaedeneeras e sab g . L

. SiPMS I -

- SiPM6 il N

1 E" ........................ — e Caetat ................. -

S - ? corid’ =

- e R a

Y I S I L 00 S N N _

e T N
- gt no;n-damagged SiEM

10—2 T s .;= ................. .

E‘lltll.llé.ll!lllllé..:' ' > §

1 0—3 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I N 1 1 1 l 1 1 1 1 I 1 1 A 'l 1
22 23 24 25 26 27 28
Voltage [V]

Pattern A
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Time center v.s. y

Time center behavior (1/2) P I N

- b NiUUipSJ i

»Result | ;
* Intrinsic time offset from counter ~100 [ps]

* Similar behavior is seen in all patterns — clear effect of radiation damage SU FUNE N I ¢

s MR PRI
-1.5 -1 -05 0 05 1 15

* Deviations from ~100 [ps] is additional effect from radiation damage Non-damaged

Time center v.s. y for x=-4.25 Time center v.s. y for x=-4.25 Time center v.s. y for x=-4.25
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—&— reverse order : : —&— reverse order ] [ | —®— reverse order } : . 2
_0:515 »: —0‘5 0I 0:5 : 15 _0§l.5 -1 -0.5 0 05 1 1.5 _0§15 -: -0‘5 0l 0‘5 : 15

y [em] y [em] y [em]

Pattern A Pattern B Pattern C
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Time center behavior (2/2)

» Interpretation

* Time response of SiPM (charge collection speed) changes with overvoltage from bias scan result
* Assumptions (in constant fraction method) to interpret this result:

* Main pulse is determined dominantly by SiPMs closest to hit point

e Rising part of pulse is determined dominantly by SiPMs closest to readout

* When SiPMs closest to readout have low gain & slow time response (i.e. radiation damage), effect of following
SiPMs also become dominant

Time center v.s. overvoltage

% :'_; l - I S l S ~—®— non-damaged SiPM i readout
§ 35 __ ........................ ........................ ....................... S —
e B — x y=+1 x y=+1
26_ AAAAAAAAAAAAAAAAAAAAAAA ............... i ..... ‘ AAAAAAAAAAAAAAAAAAAAAAAA _
I e . ] B ax y=-1 &x y=-1
F T e
- : : : : . ¢ ol &
) S SRS NSNS SONSUNNOS NN W
Overvaitase V] normal order reverse order
Bias scan result Pattern A
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MC study (1/3)

»Reproducing data

()
* Vertical position dependence can be e ©
reproduced by setting time offset between
series-connected SiPMs
* Setting 80 [ps] time offset between each
SiPM for 4cm counter best reproduces data
Hit time v.s. v position Hit time v.s. v position
- —0.3f10_9 - -0-3f10_9 ey
e t —— 4cm counter ° [ @ o'oé. " —e— 4cm counter
= -0.350 | 4% = -035 L .
< - ci O . —*— 5cm counter - %‘?% —e— 5cm counter
S 04 g g < -04r - : - - |
n s : ° . ® :q
~0.45F } .kaéﬁ; | [ ~045F zﬁ \‘; %
05E | %ﬂ é& i: ‘ ‘:P‘.' osE gmﬁgg ol
-0. E li | -0. E : ‘:z.
_0.55; fH r[‘:' :: : _0'55; '* T% 11
_0.62 ll' by —0.65 ....... # | ': * "
_0'—72T5Hl—2]11—11.5“”—1]“—10.52“10111(13.511111“11.511 12lv[cn21i5 _0'-72.:‘:|'>H‘—2H|-‘1i.EI>HI—i1‘H—IO.5HIIOHI{'J.i5”H1iIHI1.i5I 2 [c2].5

60 [ps]

80 [ps]
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Mean hit time [s]

Hit time v.s. v position

9
—= 033 n
E 035'3 Y —*— 4cm counter i
E-035 e H
i 04 },Ay. - ‘ Scm counter _
§ : ]
= ]
~0.55
-0.6 J
-0.65 1
B S R S
v [em]
2017 pTC data
Hit time v.s. v position
_0.3K10 & :
- ’5 g —*— 4cm counter
-0.35 .‘,a
E ! \é é_ | —* 5cm counter
-0.4f S N:h.~ ;
C ) ‘&
TN I i
- & ¢ )
_0.5'; #* ?ﬁ l ‘T :
i
—0.6: LT el
- . i
—0.65: | “0
) S ol dedllle

25 -2 -15 -1 -05 0
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MC study (2/3)

» Effect of vertical time offset * Result:

 Condition: set various (0 [ps] - 100 [ps]) time

offsets between series-connected SiPMs 0 [ps] 36.5 [ps]

Certime resouter . 20[ps] | 366[ps]
x107"2

= | : ; ; - [*0lps]
2R T T T e e 40 [ps] 375 [ps]
: 5 : . |-e-40 [ps]

Jeets 60 [ps] 39.1 [ps]

e 80 [ps]
SRR [+ 100 s 80 [ps] 41.4 [ps]

@
o

\'
o
|
o

o
3
|
-

BO s besreesssnenineenensd Deeneene [ YXTTITT ST PO P fene

- : : H H :
- : : e o ) : : :

40 T —— ,.‘ .................... . ....... oo @ B eveacen . V:.‘ ..................... , ....................

Event time resolution [s]
TTTT
°

e o) M ..................... .................... s g

S R T — _ T * Vertical time offset can cause non-negligible

pTC performance degradation
10 Erans R ..................... ..................... .....................

0 2 4 6 8 10 12 14
Number of hits

0 TC resolution from MC
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MC study (3/3)

» Correction
» Vertical position dependence can be corrected from observed position dependence
» Offline time correction can suppress deterioration of pTC performance due to vertical time offset
e Correction becomes more effective when radiation damage to SiPMs accumulate

Event time resolution [s]

o]
o

~
o
S

(2]
o
TT TTT

Event time resolution

—e— w/o correction

—e— w/ correction

10
0: (I 1SN | l oo PRI IR SRR SRS R
0 2 4 6 8 10 12 14

Number of hits
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Event time resolution [s]

X
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Event time resolution

2
§

~ (o]
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|Il||]l|||

[o)]
o

50—

40—

30—

20—

—e— w/o correction

—e— w/ correction

{ U Y S A ) O 0 OO 0N [N OO0 ] O S N RN SO O Y (O O
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160 [ps] (MC)
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pTC performance evaluation

» Even-odd analysis
. . .. teven odd (Nhit) =
* Difficulty of pTC performance evaluation: no reference timing Npair
— Use odd-hits as timing reference of even-hits Z (thieczi) — thitzi-1) — TOF2i—121)
* Effect of vertical time offset cancels out in even-odd analysis

N hit

Event time resolution hTCNHit

- 8010 Event time resolution
%‘ E \ EEREEEE I N | N LN PR P N _ 80,(10'12
S ™ \ I’ 0, 52' 2 0.121- Mean  8.434| - ? - —e— w/o correction
g C \ ; f— — . - . % 70 E_ ............... | PTRET R . aalaaricn
2 oof O_(th ) \]Nhit + 04 2L 398 [pS] e/ commection
E 503 = é’ 60;
40_ \\“\ ;g: 503 ........ [
wf — X sof- s
: 7 : e
20F sof .
10: E ~ < 90 pS] 1
- 20F :
S 9 iy 2 4 6 8 10 12 14 16 18 20 e
pTC resolution using Number of hits distribution ) PRV SRSV SRS VSV SRR SHR SRS |

) dd I . Number of hits
even-odd analysis 80 [ps] (Even-odd)
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Application on data

» Correction
* Not as effective as MC b Event time resolution
* Even-odd analysis is used = 80x10— !
— Effect of vertical time offset is canceled out R S —— o o comedton
+ pTC tracking is used 2 b ~38.6 [ps] [ coreton
— Worse position resolution than CDCH tracking & 505 ]
; . I i e S R
* Correction should improve when we have full g - 3
CDCH readout § 405_ ....... .._E
- ~38.2 [ps] ¢« 3
20:_ ........................................ ............................................. _:
10/~
0 | L i
0 5 10 15
Number of hits

pTC resolution using even-
odd analysis on 2017 data
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Summary & prospect

»Summary
* Position dependence of reconstructed hit time for MEG Il pTC was found
e Radiation damage to SiPMs can cause additional effect on position-dependent time offset
 MC simulation study suggests this offset could cause non-negligible pTC performance deterioration
* Offline correction seems effective to some extent

» Prospect for MEG Il pTC
e Correction to compensate time offset effect will be performed in MEG Il pTC
* Divide pTC in several sectors according to radiation damage level & monitor time offset
* Update correction values periodically
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cLFV (charged Lepton Flavor Violation)

» Quark mixing
* Included in SI\\ 1st 2nd 3rd
* Explained by CKM theory » Charged lepton flavor

@._.@<_.6 violation (cLFV)

quark T~ * Forbiddenin SM
* Included in many new
* Discovered in Super- @ 6 @ physics models
Kamiokande > > / e If dlscovereq, certain proof
*  Forbidden in SM W of new physics
*  Firm proof of bSM physics lepton * Has been searched in
— Suggests possibility of flavor many experiments
violation in charged lepton Q @ Q

sector
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Y — ey reaction

» Status of cLFV search
* Current upper limit is obtained by MEG
* Br(u - ey) < 4.2x10713(90% C.L.)
* MEG Il aims for one order higher sensitivity
¢ ~6.0x10714

» Motivation
* Considering neutrino oscillation, possible but
vVery rare

* Included in many new physics models at
observable rate

* Can search for new physics w/o directly
creating new heavy particles g
SPS E
9 My C =10 /
0 my; = 1( S ,: 1010
‘ 10710 .4
Am?. Nl — (
! - Eﬁw > 4ot ! =10
o3 .I JRSp -~ 10 it o
VAL o Koo .ﬁ“ / T 2 ?
. 8 o 1013 : “. Mys = 107 GeV
S : : 7
! . | Uya T i1 -13 '
1 > - 3 - . 643 = 3° - 107 [ R ;
> > e > 10} 7 m;= 100 Gev | 013 = 5 MEG-on 4 —
/l \\” (& 15 mN3=101zGeV'~/ 913=10 - 14 '-—‘f‘ % .:‘T."
. . . 10777 =7 13 12 =E] ~70 = . 7 10 2
+ 10 10 10 10 10 10 10 10
SM + neutrino oscillation s
SUSY mOdeI 1015 I 1 1 1 I 1 1 1
0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Br(u — ey)~10">*

(little background)

Br(u — ey)~10"1> — 10711

SUSY see-saw

Mg, (GeV)

SUSY GUT

SUSY-Seesaw Lorenzo Calibbi et al. "Flavour violation in supersymmetric SO(10) unication with a type Il seesaw mechanism." JHEP, 0912:057, 2009.
SO(10) SUSY-GUT: S. Antusch et al. "Impact of 823 on Lepton Flavour Violating processes within SUSY Seesaw" Journal of High Energy Physics 2006 (11), 090
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Signal & background events

52.8MeV

back to back O

180° 7 T ~

/7
U
/4
]
I
\
\
\
\

O O
® O-

/_ simultaneous accidental y
RMD (radiative @ Michel decay
@ @ muon decay)
52.8MeV
Signal Physics background Accidental background
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Positron spectrometer
» COBRA (COnstant Bendint RAdius)

* Bends positrons at a constant radius independent of emission angles
— Signal positrons enter pTC region

* Gradient field to sweep positrons away from detector region

— Reduce pile-up

» CDCH (Cylindrical Drift CHamber) Positron event display
* Reconstructs positron track

> pTC (pixelated Timing Counter) /) S CDCH
* Reconstructs positron time — : il ———— .- pTC
Positron spectrometer COBRA
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pTC tracking

> ldea Counter under test
* Horizontal position can be reconstructed from the time Predict vy of this Countsr ]
difference of two channels Forward)ckounterS Bac wariounters
. . . 4 A 4 A\
* Radial coordinate can be reconstructed from hit pattern miminininiaininininin
information . 0 o
1
ty — 14 :
Whit = VeffX ——— w .
2 > LoJlojioflofHeHatHT1]0][0][0]
/ hit pattern: 0000111000
v [oJ[o][o][o][ol[dlo]lo][o][a]l[0]

v hit pattern: 00000/00000

(o] (o] [o1[T HI_II_luu)Iul_l
hit pattern: 00011|00011
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Intra-pixel position correction

» Positron tracking
Combine discontinuous hit information into single positron track
Kalman Filter technique is used to extrapolate track and include following hits
Segments are fitted with GENFIT
Two types of tracking (pTC tracking & CDCH tracking) exists
* CDCH tracking is used for MC study
e pTC tracking is used for data analysis (due to limited CDCH readout electronics)

2. extrapolate Kalman Filter
4 5. iterate Efficient recursive algorithm to estimate the
ZX_/» — state vector & its covariance matrix based
e o o on previous steps
~ GENFIT
3. search Generic toolkit for track reconstruction for
experiments in particle & nuclear physics
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CF scan

> Pattern A

* Time center behavior for normal order changes drastically with CF value
— Longer path components become dominant at higher CF values

* Time center behavior for reverse order is almost same at all CF values
— Short path component is dominant

Time center v.s. y for x=-4.25 Time center v.s. y for x=-4.25

Time center v.s. y for x=-4.25
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CF scan

> Pattern B

* Time center difference for both normal & reverse order changes with CF value

—> Dominant contribution changes from short-path to long-path component with higher CF value (2 non-
damaged SiPMs are enough to form pulse rise for CF 20% case but not for CF > 50%)

Time center [s]

Time center v.s. y for x=-4.25
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Time center [s]

Time center v.s. y for x=-4.25
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CF scan

> Pattern C

* Time center difference for both normal & reverse order changes moderately with CF value
—> Dominant contribution changes from short-path to long-path component with higher CF value

* CF dependence is relatively small because overvoltage shift is small for pattern C (clear from pulse height
behavior)

Time center v.s. y for x=-4.25
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Vv resolution

»pTC tracking
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W resolution

»pTC tracking
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