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Upgrade of MEG experiment

O
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MEG Il experiment

Liquid Xe

Searches for u — ey.
Kt stopping rate will be doubled
0o 3X107u/s > 7X%X107 u/s

Detection efficiency will
improve.

Resolutions of all detectors will
become half.

New detector for background

. ) ) e* timing counter
tagging will be introduced
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Expected sensitivity: 6 X 1014

o One order of magnitude better
than MEG
Reference : — - - >
“The design of the MEG Il experiment” Pilot run with Engineering run
muon beam

, arXiv:1801.04688



L Xe detector upgrade

We have upgraded LXe detector for MEG Il to
significantly improve the p
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We have replaced 216 2-inch PMTs
on the y-entrance face

with 4092 12 X 12 mm?2 MPPCs.
 Bettergranularity
* Betterpositionresolution
e Betteruniformity of scintillation readout
e Betterenergy resolution
* Less material of the y-entrance face
* Betterdetection efficiency

lateral
(US)



Position resolution [mm]
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Expected performance

Conversion depth [cm]

Significantimprovementof all resolutions
and efficiency are expected.
Detector performance for signal y-ray
MEG MEG Il
(measured) | (simulated)
Position ~5 mm ~2.5 mm
o . Log scale
Energy 2% 0.7-1.5% Imaging
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LXe detectorin 2017

e |Xe detectorin 2017

— Detector commissioning

* LXe control & purification. Performance measurement of all sensors. etc...

* Reference : “Commissioning of all MPPCs for MEG Il LXe detector”
at “IPS. 2017FEMEKRE"

— Pilot run with muon beam. : This talk
 ~Two week beam time at the End of 2017 Dec.

* y-ray DAQ from radiative muon decay and Michel positron annihilation.

* In-beam performance estimation of detector.
— Detector stability : OK
— Gamma-ray DAQ : OK
— Detector performance estimation

e Position resolution : Ongoing. - | 25aK206-3
* Timing resolution : OK

* Energy resolution : Noise problem found



Detector stability

* Detector stability is successfully monitored.
— MPPC gain

— PMT Gain: 4% gain decrease by aging effect. Similar method
— Light yield : Stable at 4% precision. with MEG.
— etc... MPPC Gain History (All channel average)
Ll | , , —
. L -
MPPC Gain T .
* ~1000 MPPCs operated in LXe. eI B R R D
* Monitored by two methods. e A
L
1. By MPPC 1 p.e.charge. 096
(Absolute meas. of gain.) 094- *:1 p.e. peak  —
2. By LED charge at fixed light intensity.  "*2f Line:Fixed LED charge - -

0.9"-

I ! ! |
11/30 12/07 12/14 12/21

(Relative meas. of gain change. )

 Gradualchangeof gain in both methods.
— correlated with LXe temperature.



Gamma-ray DAQ

e Gamma-raydatataking was successfully performed.
— Trigger on sum of MPPC waveform. (threshold: 30-45 MeV)

 Use WaveDREAM (electronics developed for MEG Il) for readout.
— Read out 25% of detector. (960 MPPCs + 192 PMTs)

100
Gamma waveform of one MPPC

Event display
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MPPC readout
area

Typical y event
Energy : ~45 MeV
2 B B0

Conversion depth : ~“2cm
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Gamma-ray DAQ

Zoomiin

Granularity
improvement
by MPPC




Gamma timing resolution in MEG || 11

Background

— In the previous MCstudy,
MEG Il timing resolution can be 40-70 ps dependingon the noise level.

— Reference : “Improvement of the event reconstruction method
for the MEG Il liquid xenon detector” at “JPS. 2016 F R KL

Goal : Check timing resolutionin real noise environment.
—>Perform even-odd analysis.

Absolute resolution Even-odd resolution
LXe * Use coincident 2y L Xe * Reconstruct Ty from
v & reference counter. even/odd ch separately.
0 e ol\T,)= e ol\T,)=
y ﬂ/ﬂ ( y) v ( y)

U(Ty — Tref) © U(Tref) 0(Tgven — Toaa)/2

>:<"O-absol1,tte (T)/)” is a part of ”O-even—odd (T)/)”'
Difference is “TOF uncertainty of hit position” etc...



How to reconstruct gamma timing

12

e Gammatimingis reconstructed fromtimingfrom MPPC & PMT waveforms.

— Timingextraction by waveform analysis
+ y? min fit of time information from all ch.

Waveform Analysis <

Noise subtraction

|

Timing extraction

Timing reconstruction

Apply time calibration

|

x% minimization fit

Robust analysis to high-frequency noise

* Optimal threshold for timing extraction.

e Subtraction of noise coming from system clocks.
* Application of low-pass filter.

¥? minimization fit of all ch time information

2
XZ . Z (tpm —lwaik — tprop o toffset o ty)
MPPC,PMT o
’ Time info from each MPPC, PMT Gamma hit timing
with time calibration (fitting parameter)

Calibration parameters : extracted from data
e Time walk

* Propagation time of scintillation light.

* Time offset of each channel
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Timing resolution Ty (even)/2 - Ty (odd)/2

500F

Even-odd timing resolution is 44 ps @ 50MeV.

MC is consistent with data.

200

— same readout ch, p.e. statistics, same noise level

100}

0' L X100
-0.3 —02 -0.1 0 0.1 0.2 03

50 ps absoluteresolution can be

expected in the final configuration.

—>Indicates ~15% sensitivity Data 44 ps

improvement MC w/ noise 44 ps 50-52 ps

from MEG Il nominal scenario.
Physics sensitivity vs. Ty resolution

- MEGII nominal  po
40~ scenario@ 78 ps - k

a
=

Next step is to measure the absolute
resolution. ->Planned in 2018.

w
o
T

— TOF uncertainty (positionresolution).

Branching ratio sensitivit

— Effect from coherent noise. 1of- This result. 50ps

Covv o b v b by b b b
00 10 20 30 40 50 60 70 80

Timing resolution (ps)




Energy resolution & noise problem 14

e Energyofy :reconstructed fromsum of charge of all MPPCs and PMTs.
— Easily affected by coherentnoise.

* Large low-frequency coherent noise was observed.
— ~ 1% of signaly. (1/4 of detector) - 2-4% by read out whole detector.

— Our goal of Ey resolutionis 1%.
—>Needs to be reduced by factor of 2-4.

 Efforttoreduceitis ongoing both from hardware and software.

Reconstructed energy of Pedestal data MPPC sum waveform

-t 0%; Black : Pedestal
' : Red : Signal (x 1/100)

~0.05 i
0.1/
-0.15

~0.2F
-0.25-

_0.3:\“‘\“‘\“\“
08 06 04 02

iy r" i ""'ﬂu'r'

x107¢




Summary 15

As a final phase of detector commissioning, pilot run of LXe detector
was carried out. Detector performance is being estimated.

Detector stability was successfully monitored.
Data taking of gamma-ray from muon decay was carried out.

s<Position reconstruction
: 25aK206-3

Timing resolution by even-odd analysisis estimated to be 44 psin real
noise environment.

—>Absolute timing resolution is expected to be 50ps, which indicates
15% sensitivity improvementfrom nominal scenario.

Low frequency coherent noise was found and it affects energy
resolution.

—>Needs to be reduced by factor 2-4. Investigation ongoing.



Prospect -Plan in 2018- 16

* Electronicsto read out all channels
+ monochromatic gamma-ray source will be available.

— Energy resolution measurement.

*¢R&D of reference counter
* Reference timing counter : 25aL401-5

+ coincidenttwo y from ° will be available.
— Absolute timing resolution measurement.

* Engineeringrun of all MEG Il detectors will be donein 2018,
and physics data taking will start from 2019.



BACKUP
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L—>ey search o

We search for charged lepton flavor violating decay of muon, p->ey.

Prohibited in SM, detectable branchingratioin some BSM model

Main background is the accidental background. ) N Jﬁf
HR . o. CR

Detector resolutions, especially energy resolution of y-ray,
are important to effectively distinguish the signal event

from the accidental background.

Signal Background
Signal decay Accidental backgrouna Radiative muon decay

~
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 E=52.8MeV  Dominant background  E<52.8MeV
* back-to-back e E<52.8MeV e not back-to-back
e coincident  not back-to-back e coincident



Photo sensor used for beam test 13

e We read out 704 MPPCs + 192 PMTs. w/ TRG : red, , magenta

_ w/o TRG : green
— Dueto the eventrateissue,

we arereadingout 4 crate
at the same time.

— MPPC @ over voltage 7V efelelals
— PMT @ gain 1.6x106 N B ;
(~ same w/ MEG 1) :.:.:-:'..'. -’:{-:.:.: .:.:.:.:.

e Several dead
channels found.
— 8 dead MPPCs
— 4 dead PMTs
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Beam test
Nov/25 26
5th crate
ready
Sensor calib. commissioning
27 28 29 30 Dec/1 2 3
TCrun start
periodical monitoring .
4 5 6 7 8 9 10
CW failure 6th crate
periodical monitoring el N
11 12 13 14 15 16 17
XEC run start AmBe AmBe AmBe
muon beam DAQ
I
18 19 20 21 22
circuit n generator Refrigerator

breaker down

muon DAQ w/ collimator .

muon beam DAQ
|

stop




MPPC gain vs temp. 21

MPPC Gain History (All channel average)

L1 ! % | ]
dad 1.08F 3 3 —
1.06— =
1.04F =
102 3
= =
0.98 =
0.96 =
0.94F * 1 p.e. peak o —
092t Line : Fixed LED charge -
I 09130 1207 1wia 1221
MPPC gain vs. XEC temp
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MPPC crosstalk & afterpulse

Productionlot dependence

e Charge variation b/w production lot
is largely suppressed
by applying calibration.
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PMT Gain 23

PMT Gain

PMT gain was measured by two independent methods.

1. ByLED intensityscan. (Absolute meas. of gain.)

. Based on Poisson statistics of arrived # of p.e. from LED light.

2. Bycharge of LED at fixed light intensity. (Relative meas. of gain change. )

Those two methods

shows consistent behavior
with ~2 % precision.
Gradual decrease of gain

is aging of PMT under beam
(known from MEG ).

LXe light vield

dd

PMT Gain History (All channel average)
1.085 Red : LED intensity scan A
106 Blue : Fixed LED charge -
B
1020
0.985 o

096 e ‘

DY ) S S S

T T
20{)7912-02 2017 12-09 2017 12-16 2017 12-24



PMT gain history

24

PMT gain calibration by intensity scan
+ relative gain monitor by fixed intensity LED .

— HV is decided to have

1.6x10° w/o COBRA b-field.

PMT gain is affected by
COBRA & beam.

— The size of effect has
individual difference.
Gain history database

will be prepared
for each PMT.

* 1 Intensity scan
Line : Fixed LED charge

Example of PMT gain h|story (O-11- 7)

1.6 |-
14 =
12

1
08 |

0.6 |

04 F

Example of PMT gain history (U-15-4)

16 é“" Gradual gain decrease '_;

14 :_* ................... . by beam _:

) U e - U DA~ e seesessesssassesansaneantnanaannann _:

0.8:—...........—...............E ....................................... —:.:

Y T =

04:—5-. --------------------------------------- —E
11/30 12/107 12/14 12/21



dd

14000

nsum

12000
10000
8000
6000
4000

2000

Light yield

Sum of # of p.e. from an alpha source

................... —

................... e INCFEASEHOF.CHL e

i i i i
11/30 12/07 12/14 12/21
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Event display example —pileup event-

E 1 % ET T T T T IE
: Lo e s

) WA I _20: r/ ]
- - —40F .
- E 60 =
- 5 -80F =
; PM:'2626" - -100 PM:2612—]
E Raw data: _: _ Raw data 7
= Mov-Ave 21pnts : ~120 ; . . . . . . OV-Ave 21ptts

[nse ~800 ~600 —400 —200

[nsec]




Gamma-ray DAQ 27

Sum of MPPC waveforms

TT
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Trigger for gamma-ray DAQ <

6000

— Trigger is generated
when sum of MPPC waveforms
exceeds a given threshold. 3000

— Threshold is set to 30-43 MeV. 200

5000

1000

il I|I|IIII|IIII||III|IIII|II|I|IIIII

| 1 1 1 1 | 1 1 1 1 1
-1500 -1000 =500

Energy spectrum
— Energy scale calibrated at low energy (4.4, 9 MeV)gamma source.

— ! T T T T |
2500 E ; : vV energy spectrum E
= E from muonbeam -
p 1 1) S RIUIIEIIUTIIIERIE SERE e OO T =
1500 :_ ............................................. ............................................ ......................................... —
1000 [ v A S S E
= g 52.8MeV | E
] — — e L I E
0 S : s | L S _ , N . . ~ Jx10°
0 10 20 30




Ve
Energy spectrum -AmBe- ”’Pre/,-,,, 28
’nary
We took 4.4MeV y from AmBe.
DAQ by self-trigger. Use WDB gain 5.

— At WDB gain 1 (same config w/ signal), 2
S/N ratio was too bad to trigger 4.4MeV.

Offline event selection by Q/A
of waveform to reject alpha event.

Reconstructed energy spectrum Nsum2 AmBe
700 Ee oo A e, QSUM Trigger 12 crate MPPC

= i Online position selection : patch 1.
600 E._ .............................. 4.4Mev .. ........................... e J..».’w.l.'.‘zz.s..............'.-75'.“!*:.TM-' l_
TS E— -t N S— A— S— =
400 g_ ....................... ........................... e SN =
300 = o oy 9MeV shoulder =

= from Xe neutron capture
)] =R NN RN = S TN SRR T
100 oo oo S— S — H— S——

o Ei | | ' ' x10°

0 1000 2000 3000 4000 5000



Ve
Energy spectrum -n generator- 'yPre/,-,n.zg

 We took9MeV y from neutron generator.
 DAQ by self-trigger. Use WDB gain 5.

Nsum2
Reconstructed energy spectrum n generator

450 B I T R Qsum trigger :2 crate MPPC
400 Eieeveeeeeeeeneen SRR L Online position selection : patch 1.

IS0 =i, ........................ .......... : f :
300 B ......................... ............ SMeVyfrom .......................

. . Ni neutron capture
Y| ) e ST PRITEE 11 EASITRTITRS T [RRIRRI. e PP PRREE

200 E_._ .......................... .......................... .......................... ........................... .......................
150 E._ ........................ o T e, e,
100 B v P, ........................... .......................... ........................... .......................

COLCLLE P e eign

IS - SRS SR - S SR
0Bt g e e 1)
0 1000 2000 3000 4000 5000




. Proj;
Rough estimate of energy scale ’e’lmi,,ary

«10° nsumz2 vs. y energy
. 6~~~ -, T
* AmBe & n generator is N - - I
consistent w/ 1% precision. N . - Ny
 From AmBe and n generator, ofb S— L]
52.8MeV is estimated to be BF g e e
correspondingto e 7 exi rapolate
“nsum?2 = 13.7x10%” N e N
. ) 2 P GRAIALOF o
* Thisisroughly consistent - “AmBe ]
0 10 20 30 40 50

w/ beamy spectrum. MeV
i T T T T ! h0 |
2500; M .......................................................... E’?et ;llles .............. 1:09‘;.3'.38.2_5
energv spectrum : : Std Dev 1.635¢+06 E
7)) 1] SRR S -------------------------------------------- ---------------------------------------- -
1500 E_ ............................................. ............................................ ......................................... _f
1000;——5 -------------------------------------------- -------------------------------------------- P ——:—
= 52.8 MeV??? .
500:_5 ............................................ .......................................... ......................................... !

0= —50 N —
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Energy deposit > 48MeV

Sum of # of p.e. (MPPC) Vs. w

Reconstructed energy in MIC
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Time walk calib.

* Photo sensors are divide
into 6 groups.
— MPPC Lot A-D
— QOuter PMT
— Side PMT.

e Time walk effect
even w/ constant fraction.

e Slight difference can be seen
at smaller # of p.e.
b/w Production Lots.

(depends on analysis paramet”

llt

Dt1 vs. Nphe (MPPC Lot A)

12 =10~

g +:-:_.
s i S b

- L L N 0
0 002 0.04 006 008 01 012

S N & & &x
T T T

Dt1 vs. Nphe (MPPC Lot C)
=10~
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_ = 0
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_8C
0 0.02 0.04 0.06
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pm — tror — ty " vs. 1/sqrt(#ofp.e.)

Dt1 vs. Nphe (MPPC Lot B)

12,

: i
. s

N : o L ;-_ = I

E i .m'-l‘:il' 0

0.08 0.1 0.2

Dt1 vs. Nphe (MPPC Lot D)




Asymmetric Dt distribution 33

Asymmetric distribution of “t,,;;, — tywaik — tror — &, is
observed.
— @small # of p.e. MPPC.

This asymmetry is taken into account in the Ty reconstruction.

— PDF of thefit is generated from this mer -~ r-=-tt- -t =
Dt1 vs. Nphe (MPPC Lot C)

Parametrize by ExpGaus Fit. T

— Gauss + smoothly connected Exp. ¥ Gauss

— Two time constant 300F -
Dt1 vs. Nphe (MPPC Lot C)

250} - -
200 - -

) R ] R R ISR

100: camcapecMeniasnalie

sof--

0 ol o x10_
8 6 420 2 4 6 8 10 12

.
- e A O SaTy ]
8 11 L1 f"-u |'|J 11 1 1™ l'
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12

10F1-

Dt1 vs. Nphe (MPPC Lot C)
9
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One ch resolution.
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Dt1 vs. Nphe (MPPC Lot C)
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Red : sigma of gauss
Blue : decay of expo.

Data & MC w/ noise gets consistent

on sigma.

0

002 004 006 008 01 012

Dt1 vs. Nphe (MPPC Lot C)
-9
X
R s IRaaanas

0 002 004 006 008 01 012

34

h2d0_2_2
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Effect of low-pass filter

35

We can improve one ch timing resolution by using moving average

low-pass filter.

Filter probably eliminates high frequency noise.

[
- e
5;\#‘, I T I | T ' I I T I-‘
4.5F i No filter. - E
I 5% fraction. ... =

(MPPC Lot B)
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0.12

(PRSI T PR TG IR ol o VAR N SR S [

“6” vs. 1/sqrt(#ofp.e. )

U
T

F 1. 3 pnt mav filter.
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5% fraction.

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

+|+| I ,‘Hr :
- - '|“|'+ : N
WWl .:"T'*I 111 I 111 | 111

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

0

002 0.04 0.06 0.08 0.1 0.12

I
B _,..;-""__to.... +'|'|‘++++ B :
B e bW H"l' . b
ON.“I 1 I AN B! l L1 I 111

. 5 pnt mav filter. -
5% fraction.
(MPPC Lot B)

0

0.02 0.04 0.06 008 0.1 0.12



Offset calibration

Ch time offset can be obtained by checking

"tpm — twatk — troF — ty"
channel by channel.

Some offset was observed.

Dt1 vs. Nphe (MPPC Lot A)

“Cym — twaik — tror — t,” (chbych)

1 - =, i 0
0 002 0.04 0.06 008 0.1 012

dt2 {reppm== 2306 && sqrtnpheinv<0.03} dt2 {reppm== 2310 && sqrtnpheinv<0.03}
16;" S o o o L O T 45 [ B "TT "hioo”

- : : Entries 180 H : : Entries 401 []

B —160 pS : Mean  -1.603e-10 [] 40 +200p$ T Mean 18886210 1
14 B [ siae 258 10]] ast | | Std Dev _2.373e- 10?

= ‘ MPPC 2306- g | %
12f : 0L . MPPC 231&
j: f f f 25 -
T T 20 :
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Offset calibration 37

 RMS of MPPC time offset is ~ 160ps. consistent w/ Mitsutaka &
Rina ‘s study.

« PMT isfound to have larger distribution.
— Probablyd T Graph

* We cut 18
16|
14f
12f
10F

S N &
TIT[TIT[TTTI[T

Currently only for
~150MPPC. vs. PM index

Due to online
position selection.
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* Likely due to conversion depth difference.

80_ T T T
70f
60}

50

20000 40000

Even-odd resolution Vs. Qsum
801 —

70

60

30

20

10

E_ ........ MCW/ noise

50F

40

0 L 1 1 1 1 1 1 1
0 20000 40000

70

Even- odd resolution

Data and MC w/ noise gets consistent at end point.

— Still different at small gsum region.
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dd

Noise situation

Sum waveform

MPPC sum wl 107

NN RSN S N [ NN N M N

B R

[sec]

FFT of Sum waveform

x10™



80 MHz noise template 40

 80*n MHz componentcan be extracted.

Noise template fora ch

amplitude [V]

-I|IILL=LH=0—'-'|-H'I'Ti'I'ﬂ-I-'_I .

x10

time [sec]

r i, Wy j H._u..llj.n..i i o i n! . Leiafe ] Prrrtegps
0 100 200 300 400 500 600



120*n MHz componentcan be extracted.

amplitude [V]

120 MHz noise template

41

after extract & subtract

Noise template forach

A
/
--------------- WM,WMN'M"NNW-“WW

Wmm """""""""" wwi”“"M‘ """""""" LN

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

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

80MHz sync

x10°



Result -FFT-

High frequency noise is subtracted!

20T T of PMT sum W
15_ AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA —

. FFTof PMT sum WF]

20¢ y
15:_ ................................................................................................................. ]
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80MHz sync noise reduction
WF on Tuesday.

i : 0.3} |
* There was one bad MPPC ch v I |
. 0.2f | 9 \
(voltage calib lost???), S A !
. ORI o ;
in the run | used before. PP arWE gl 02k oo AT oty W, o
—0.8 —0.6 —0.4 -0.2 [sec] —0.8 —0.6 —0.4 -0.2 e

 80MHz sync noise reduction works well also for MPPC.
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Noise rms
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 Thanks to the noise reduction, noiserms is improved from 1.7mV
to 0.8mV.

e Still larger than MEG | level (~0.4mV).

4000
3500
3000
2500
2000
1500
1000

500

Xecnoise.noiserms
;4 <—<—?—<——<——o——o———?— —»———»——»——}——;;—»——\——\———\———?——\—— “ihi{ —<——<—-—; 14000
L Entries : 480760 H
EEEUUTSPOOUOOS HUSSSSOOOSUOSTPOOS STURTSOOOOS OSSO O SOOI SO Mean.--------0.001717-1
- Std Dev. 0.0003082 [ 12000
S E 10000
- | ; :>8000
S R L I T . 6000
F e E 4000
IR R W N RS S — E 2000
: 1 l ‘ 1 l l 1 | 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ .: 0
0.0005 0.001 0.0015 0.002 0.0025 0.003

Xecnoise.noiserms

m\\ T s \\\\’ \\\\; \\\\z\ . \\zhi\ ,‘,,‘.«.‘

\‘\\\;\\\;\\\;\\\‘\\

Entries | 480760 | |
Mean | 0.0008131
Std Devi 0.0001811 ||

i i

\\i\\\\i\ “AAL
0.0005 0.001 0.0015 o.

002 0.0025 0.003



