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M(Z Talk overview @

« Charged Lepton Flavor Violation (CLFV)
o Infroduction to Mu2e
o Mu2e Detector

- Electromagnetic calorimeter
o Requirements
o Components
o Single Channel Tests
o “Module-0" performance
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- Charged Lepton
4 Flavogr ViolaEcion INFN

« CLFV strongly suppressed in SM: Branching Rafio <104

' indi ' Ece =m,C?— B, — Eecoi™
- Observation would indicate New Physics QTS Y

« CLFV@Mu2e: u - e conversion in a nucleus field
- discovery sensitivity to many NP models

@

+ Goal:
104 improvement w.r.t. current limit (SINDRUM II)

U -e conversion in the presence of a nucleus

u~+N(A,Z) e +N(A,Z)
u— + N(A, Z) — vy + N(A, Z —
Nuclear captures of muonic Al atoms

(@ 90% CL, with ~ 1018 stopped muons in 3 years of running)

R,u,e —

<84x 10
1) -

More informati

. ation
:n.Y.Oksuzion falk
and in mu2e.fnol.gov
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)
INFN

) Mue experiment design

1. Generate low momentum pw beam
2. Stop the muons in an Al target -2 trapped in orbit around the nucleus
3. Look for an excess around 105 MeV/c in the electron spectrum

Proton Beam

Muon Stopping Target
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Production Solenoid / Target Detector Solenoid: stopping target and detectors
+ Protons hifting farget and . Stops - on Al foils
producing mostly 7 « Eventsreconstructed by detectors optimized

for 105 MeV/c momentum
Transport Solenoid

« Selects and transports low
momentum -
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3. Calorimeter requirements

The electromagnetic calorimeter (EMC) should provide §eooo§-'_'c'.' — a3
high acceptance for reconstructing energy, time and gsoooi——"‘“"“" -
position of CEs for: : :

1) PID: e/ 1 separation
2) EMC seeded track finder
3) Standalone trigger

Requirements @ 105 MeV/c

o./E = 0(5%) for CE
o; < 500 ps for CE
oxyy<1lcm

=
500"
=

0,
« Fast scinfillation signals ( T <40 ns)
« Operatein 1 Tandin vacuum at 104 Torr
« Redundancy in readout ( 2 sensors+FEE /crystal) -400"
« Radiation hardness (with a safety factor of 3):
- 100 krad (45 krad) dose for crystals (sensors) T
- 3x10'2n,,,.,/ecm? (1.2x10'2 n,,,.,/cm?) for crystals (sensors) -600-400-200 0 200 400 600

. . s . . X [mm)]
Low radiation induced readout noise < 0.6 MeV Front Disk Dose — 1 year [krad]

-200

|

-600
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Calorimeter Design INFN

2 annular disks with 674
undoped Csl (34 x 34 x 200) mm?
square crystals/each disk

Ry =374 mm, Ry = 660 mm

Depth =10 X, (200 mm), Distance 70 cm
Readout: 2 UV-extended SiPMs/crystal
FEE on the SiPMs , Digital readout on crates
RA source for energy calibration
Laser system for monitoring

o O O O O O

< 4
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Events / (1.75 MeV)
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6=3.2 +0.1 MeV FWHM/2.35 = 3.8 = 0.1 MeV

Simulated performance (INFN

Simulation includes full background
and digitization and cluster-finding,
with split-off and pileup recovery

FWHM/2.35=3.8%0.1 MeV

more more
400~ Pile-up leakage
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= Small prototype:
. Test Bear | INFN

JINST 12 (2017) P05007
« Small prototype tested @ BTF (Frascati) in April 2015, 80-120 MeV e-

« 3x3 array of 30x30x200 mm?2 undoped Csl crystals coupled to one
Hamamatsu SiPM array (12x12) mm? with Silicon optical grease

- DAQ readout: 250 Msps CAEN V1720 WF Digitizer Gog
o en the [’)hen,
LI NLALALA BELL L BELEL R R
%300: ® data nd/\/lc AZj/
= |~ | = Monte Carlo
3 250 ~
— [ | %2/ nof 101.6 /66 ’
~ .
£200| 4 0.3457 + 0.0204 ]
@ [ ’
@ 1500 | © 6.106 = 0.092 -
- | Epea 85.47 + 0.17 .
100— —
N 3999 = 66.7 ]
' oon. 500 Log-normal fit i
e SiPMs ' E E
' SO deg ' N Ly S T T
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Energy [Mev]
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Small prototype:

Time and Energy resolution {_!NFN

JINST 12 (2017) P05007

g - LA L I L B T T 1 T T 1 T T 1 LA B S S B B B B |: lal 03 N T T x.x T A' xxxxxxxxxxxxxxx
- —v data 3 S B Single crystal @ 0 deg [
8.5 — = € O Al crystals above 10 MeV @ 0 deg []
8 = ® Monte Carlo E ©0.25 — [0  cosmics H
= B B (] Neighboring crystals @ 50 deg
? E 0.2 - A Single crystal @ 50 deg
— — - ] Most energetic crystal @ 50 deg i
= = - A All crystals above 10 MeV @ 50 deg:
5E Fj 0.15F I .
61 = - ¢ ]
55 4 x? / ndf 2.866/3 J 0.1 -]
- _E___ad 3 - = 2 / ndf 38/17 A
50 E - ®b a 1.38 = 0.3253 3 - |oy=a/E®b| X :
- E VE[GeV] * E 0.05 | * a 0.0049 + 0.00015
4-5? b 4.911=1.092 3 C b 0.087 + 0.0033
— Il Il I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I7 L 1 I 1 1 1 1 l 1 1 1 1 l 11 1 1 l 1 1 1 1 l 1 11 1 l 11 1 1 l 1 1 11 [
4 0.07 0.075 0.08 0.085 0.09 0.095 0.1 0.105 0 0.02 0.03 004 005 0.06 0.07 0.08 0.0
Total energy [GeV] Energy [GeV]
o ~ 6.5% at 100 MeV o;~ 110 ps at 100 MeV

Significant leakage contribution due to block dimensions w.r.t. the shower

1 year long R&D phase for the final test of the option Csl + UV extended SiPM
PRE-PRODUCTION

—RETROPURTOR_

72 crystals + 150 SiPM + 150 FEE chips completed in 2016
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Pre-production
B INFN

rystals

e 24 crystals from three different vendors: SICCAS, Amcrys, Saint Gobain

* Optical properties tested with 511 keV y's along the crystal axis
e Crystals wrapped with 150 ym of Tyvek and coupled to an UV-extended PMT

Un-doped Csl crystals Light Yield Longitudinal Resp. Uniformity
erform well g T 8 [

P £ 10 £12F RMS/MEAN of

W w 10 Light Output

values along axis

Excellent LRU and LY:
-100 pe/MeV with PMT readout

-LRU < 5%

T of 30 ns with small slow

8 9 10
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8 grap
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Pre-production test:

2. SiPMs (1) e (CINFN

Mu2e custom silicon photosensors:
- 2 arrays of 3 6 x 6 mm? UV-extended SiPMs: total area (12x18) mm?2 K1
The readout series configuration reduces the overall capacitance
and allows us to generate faster signals

6 2
< 160 ; s = A1-1
£ = 1 B € 500~ . -
£ 140t Single cell of - £ Series of
S . ] S 400( * b
2 1000 | 2 T, 3 cells

g 300 | 4
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0 50 100 150 200 0 50 100 150 200 i1=i2=i3
Time [ns] Time [ns] Ctot ~C1/3

150 sensors: 3x50 Mu2e pre-production SiPMs from Hamamatsu, SenSl and AdvanSiD
» 3x35 were fully characterized for all six cells in the array
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. Module 0

Large EMC prototype: 51 crystals, 102 SiPMs, 102 FEE boards

Mechanics and cooling system similar to the final ones!
Goals:

* Integration and assembly procedures

e Test beam May 2017, 60-120 MeV e-
Analysis in progress

e Next: work under vacuum, low temperature, irradiation test
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Module 0
Time resolution

INFN

Amplitude [mV]

Log-normal fit on leading edge
Constant Fraction method used 2 CF = 5%

- Selection on single particle

Fit Example
350 : T T T I T T T I T T T I T T T I T T I_:
: AN TimeHist £
300 2/ ndf 106.6/20
250 F P 0.6526 0.0444 —
200 [ \ 1712 121 3
- \ N 8782 640.2 7
100 = \ =
N =
- 1 1 1 | 1 1 | 1 1 1 | 1 1 | 1 1
0 200 400 600 800 100(
t [ns]
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o (T1+T72)/2 ~ 94 ps
@ E g = 100 MeV
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Module 0
Energy resolution INFN

Vg
= Calibration completed for first e s se{XARY

. %_ C
ring around central crystal S osok- 2indt 25.46/9
) . .§ 2005_ + + Constant 247.5+7.4
= Noise observed in fest beam ETF vean 1061222
too high to extend calorimeter 150~ ' Sgma 77,54 275
clustering after first ring 100F-
F ¢
50 ot %

= Data quality still good to extract oo™ .
preliminary resolution in agreement 00606406 700017001200 3014007500500

with 3x3 prototype charge pCl

TTT

€200

E

>150
100

4 ) 5
o ~ 7.3% within 1°ring 0
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u MU )
Summary and Conclusions (_INFN

* The Mu2e calorimeter has concluded its prototyping phase satisfying the Mu2e
requirements:
 Un-doped Csl crystals perform well
= Excellent LRU and LY 100 pe/MeV ( PMT+Tyvek wrapping )
= 7 of 30 ns with negligible slow component
= Radiation hardness OK for our purposes: 40% LY loss at 100 krad
Mu2e SiPMs quality OK, high gain, high PDE, small I4,,. small spread inside array
« SiPM performance after irradiation OK
» SIPM MTTF > 0.6 million hours
Single calorimeter channel: timing resolution of 215 ps /MIP
Small prototype tested with e beam
= Good time and energy resolution achieved @ 100 MeV
Module 0 built and first tests done. Data analysis is still ongoing
= Preliminary results satisfies the requirements

e Calorimeter production phase will start by the end of 2017
 Detector installation expected for beginning of 2020
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Charged Lepton
Flavor Violation

INFN

. Loop Contact
« CLFV strongly suppressed in SM: BR <10-54 dominated dominated
- Observation indicates New Physics Al Limits are af 0% L
« CLFV@Mu2e: u - e conversion in a nucleus field BN on Abeoi0 S =T

- discovery sensitivity on many NP models
Al

.
Goal:

104 improvement w.r.t. current limit (SINDRUM 1)
U -e conversion in the presence of a nucleus

u~+N(A,Z)—>e +N(A,Z)
S <8x 10"V
p~+NAZ)—»vy+NAZ-1) R

Nuclear captures of muonic Al atoms

R,LLG —

(@ 90% CL, with ~ 10'8 stopped muons in 3 years of running)

® The Mu2e Calorimeter, R.Donghia

B(u—ey)<4.2x10713
Excluded (u—ey)
MEG

N Rye (uN-eN on Awy<7x10~ 13
\

\\\Excluded (uN—eN on Au)

\\ SINDRUM-II
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Pre-production test:
pSiPMs (2) INFN

I [mA]

1 sample per vendor has been exposed to neutron flux up to
8.5%10" Ny pyeveq/CM? (@ 20°C)

5 samples per vendor have been used to estimate the mean time to failure value
Requirement: obtain an MTTF of 1 million hours when operating at 0 °C

Neutron test MTTF
I N B B L I I I B ;6011""I""I""h"\“_‘_ T
: a = ™ .
60 - el L .
g gamsalmatsu - e N L L
S0F | vanSiD = 5 W e et % S e
- vansi g O i, o E
408 E ) L ]
C . 30— =
30 E N SensL 1 ]
oof- E 201 SensL 2 B
- ] u SensL 3 ]
10— - 10 < SensL4 5
: T - * SensL 5 .
00 100 200 300 400 500 600 700 800 o L T IR T |
Integrated flux [n_, /cmz] 0 500 1000 1500 E,aiosqe% Timgslg?
SiPMs will operate @ 0°C: a decrease of « MITTF evaluated operating SiPMs @
10 °C in SiPMs temperature corresponds 50°C for 3.5 months
to al, decrease of 50%  No dead channels observed
d
Lower V, also helps fo decrease the | MTTF 2 6x10° hours
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Single channel slice test (NFN

SG crystal + Hamamatsu SiPM + FEE
Optical coupling in air.

Hamamatsu 4 - Distance from Crystal
—— 0 mm
—— 1mm

2mm

+
(~ 10% loss)

25

20

* 22Nqg source
- TRG: small scintillator readout by a PMT <«

- Study distance effect for air-coupling

mplitude [mV]

10

1 I 1 1
200

L
220

Time [ns]

1 1 1 I
140

1 1 1 I
160

180

80 100 120

« Cosmic ray test 2> 2 SiPMs readout
- TRG: crystal between 2 small scintillators

2 SIPMs
\
Csl
crystal
Top View  1x1 cm?
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o Single channel
> 2 Cosmiic Rays Test INFN

« TRG time resolution ~ 170 ps

« Constant fraction method used

« Pulse height correction applied
(slewing)

After jitter subtraction:
SiPM 1 - 0; ~ 330 ps
SiPM 2 — o, ~ 340 ps

T(SiPM1 - SiPM2)/2 > ~ 215 ps
@ ~ 23 MeV energy deposition
(MIP energy scale from Na?2 source peak)

Timing result well compares with old tests:
- Reduced light output/SiPM

(22 vs 30 pe/MeV)
- 2 SiPMs/crystal

> LY of 44 vs 30 = 215 ps (now) vs 250 ps (old).

® The Mu2e Calorimeter, R.Donghia

SiPM 1 - SiPM 2

Entries 727

Entries / 25 ps

—_
N
||o|

—
N
o
T | 1

1003
803
60}
40f

20}

Constant 133.6 + 6.2

Mean 0.1234 +0.0161

Sigma  0.429 x0.012

-2 -1 0 1 2 3

Time [ns]
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- Pre-production test:
2. rystals (2) INFN

Few samples per vendor have been exposed both to ionizing dose and neutrons

1.05 S—

‘k —

* Irradiation fest up to 100 krad & oo )
e Requirement: =

normalized LY after 10/100 krad > 85/60% S °° 1

?,_ . -O Amcrys Csl-71 85%.

oo '@ Amcrys Csl-70 \ )

Most crystals have LY larger than =T ‘_

100 p.e./MeV after 100 krad ozl SO -

(40% max. loss), promising a robust Csl € o, | W SGCsi60 |

calorimeter 2065 A SIC Csi-70
L XL RO -
10 10 10 10 10 10

Integrated Dose (rad)
Radiation Induced Noise (RIN) @ 1.8 rad/h required is < 0.6 MeV
« All 72 samples tested. All OK apart some Amcrys crystals that
do not satisfy the required limit
Negligible LY and LRU variation after 1.6 x 10'2 n,,.,/cm?integrared flux
Neutron RIN is also smaller than the one from dose
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PId INFN

With a CRYV inefficiency of 104 an additional rejection factor of ~ 200 is needed to
have < 0.1 fake events from cosmics in the signal window

e |05 MeV/c e are ultra-relativistic, while § P
6000—| — ce -

105 MeV/c p have B~ 0.7 and a kinetic =~ §__F|—.ewomen E
energy of ~ 40 MeV 5 ook E

e Likelihood rejection combines 000f- =
2000 =

At = terack - teluster and E/P 000k E
].11 Le,/J, — h] Pe,/J}(At) + 111 P@,/J,(E/p) OO:I O.l2 EI/::.2
g mimicking the CE £ 12000 LTI T T T

‘50100‘ - 120100‘ 110100‘ T (l> l ‘101001 - ‘20105‘[”:'“; §100003— ot :1”:‘—5

£ sooof- .

Al target , 6000— —
é ’ /"1[ » C ]

/ " A~ - 4000— ]

; s -f

tracker calorimeter o 2

A rejection factor of 200 can be achieved with ~ 95% efficiency for CE
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Calibration source
and laser INFN

« Liguid source FC 770 + DT generator: 6 MeV + 2 escape peaks
» Laser system to monitor SiPM performance

- M

10k entries/crystal/min

4 'é‘
Four 1 mm? fibers .~
7

1o DISK 2 —— [~ to DISK 2

Events /  0.0375 MeV )
8
(=]

:

10000 Four 1 mm? fibers to DISK 1

2mmt Olbeu P
Ref Crate 2

%5 3 3.5 3 4.5 5 55 65

(MeV)

Liquid source prototype

15200 Series.
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. Calorimeter Trigger (INFN

« Caloinfo can provide additional trigger capabilities in Mu2e:

« Calorimeter seeded track finder
« Factorized into 3 steps: hit pre-selection, helix serach and frack fit
« & ~95% for background rejection of 200

« Standalone calorimeter trigger that uses only calo info
« E ~65% for background rejection 200

= IO‘ = | | =3

o E M [, [ o 1E .

8 - 1 | — BKG X1 (£ 50%) w - A -

D r i i ! - A ]

et 10° - E;‘ 1l —— BKG X2 (= 50%) 0.99:._ : E

g E l'. ll' BKG x3 (£ 50%) t .

@ [ y : 0.98}- .

[Vl = ! i : . .. : i . -

'E Standalone i\ . Cali-Seeded :

- calorimeter 0971 track finder E

10 == 096/~ * no background ;

- L - v background x1 -

] 0.95} =

o B ¥ T B N ! : .
€ce Hit pre-selection helix search Kalman filter
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Calorimeter seeded
track finder INFN

e Cluster time and position are used for filtering the straw hits:
v time window of ~ 80 ns

v spatial correlation
no selection calorimeter selection

y [mm]
8 8 8 8

800, T
-800 -600 -400 -200 O 200 400 600 800

X [mm] X [mm]
® black crosses = straw hits, red circle = calorimeter cluster,

green line = CE track
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Calorimeter
radiation damage INFN

« Calorimeter radiation dose driven by beam
flash (interaction of proton beam on target)

« Dose from rnuc?n cop’rure is x]Q smaller . 9$g(l)ifzrggs:dol‘sz lrjilz;c!;2
« Dose is mainly in the inner radius

« Highest dose ~10 krad/year ) ?l]’g]hzf)r" SIPM 72;‘02
« Highest n flux on crystals ~ 2x10'" n/cm?2/year [Meveq

This includes a safety factor

« Highest n flux on SIPM ~ 10! Ny yeveq/CM?/year of 3 for a 3 year run
[ J
= 10°g— | L L B 10°g JN BEELELEE NN BUEL LI BN BN
o E I I - E ! I I ,
g F | = § °© Gy B
3 107 crvetal dose 1A I R Lol SIPM e |
o E )’Sta ose O PHOTON & 10 E d O PHoTON
ﬁ - NEUTRON L - neutron- amage NEUTRON
g 1051 =™ | =k .
- T = 11 .
8 g 800000000000 nnnseneet g 10 -=E=’-‘+§too.ooo.?........#....
! 3 2 - ! d
1E 3 %1010_r | p———
10° EQ__.o:J_ = R O O O A B g B g By B B W e T e I 8 oy R : ..... = = 9-.: =
-0 B9=-0~0-0Lo-0-0-6-6-0-0-0-0to-0-0-0-d-0-0-0-0ld - L -
- S 3 i + -
102 Bt b —o—e 109& . i __*_Jﬁ*ti_j_*t,wiﬁ*t?
-3 1__"_-"-‘—1 L1 I T | l_lo_l 1 L°“l-°l'-o'—-¢l- \l. ;l—lov—l To_ i
10 400 450 500 550 600 650 10° 400 450 500 550 600 650
R [Imm] R Imm]

® The Mu2e Calorimeter, R.Donghia August 2, 2017 @26



Calorimeter
radiation damage INFN

e Offline simulation including background hits
® Experimental effects included: longitudinal response uniformity (LRU),
electronic noise, digitization, etc

® Waveform-based analysis to improve pileup separation
pile-up separation

.
Ertres

& § wot 'I/\\ :"’? .
2 c0of- ©=4.1%0.3MeV FWHM/2.35 = 4.6 + 0.3 MeV e A
2 o | \'
un | {1 '.\
N~ \
- 500 ‘ ) .\‘ ,-'/\T\
< CE + background ol W\ v',.! \
w 20 \ | \
g 400(- /LN A \ NI
ﬁ 850 &3 700 T&0 80 820 .‘.,.Jm.mzi.«
300 <
= esg—
200 8 o
+ § s.sf—
: |
100 SE
Y 45;— 4
|1||w 42-4
R =T M) 1020 30 a0 % y3
E, - Eqiy (MeV) | ST
LRU (%)
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= Three years run )
Expectation by full Simulation ("""

o 04
> - stat. errors only
f,o.as:—NOT-36x102° N .
S - 16 Signal Window
5 03 10 103.85 < p < 105.10 MeV/c
e F Ng=3.72 +0.01 ' '
< =
2 0255 Np,o = 0.20 +0.02
z - — DIO
0.2f— No PID selection applied
- — CE
0.15—
0.1—
0.05—
: 1 L 1 1 1 1 ] 1 1 1 1 l: 1 L - 1 I 1 L L 1
?01 102 103 104 105 106 107

Reco Momentum [MeV/c]
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. CLFV Lagranglan INEN

m
Lecury = |( ”)I Arouver FH + Bryser(@ry*ur +dry*dyr
5x10° ' ' o o
Nucl. Phys. B (Proc, Suppl.) 188, 303 (2009)
~~ e N0 [
LOO s dominOTe for > all limits @ 90% CL
S Q) " Contact terms
K << '| ~— CR{pN-¢eN on Al)-06xI10 ) dominOTe fOr
< e
e . ixI0* 7 Muze Ko>>1
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