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q  Detect	the	CLFV	process		µ- + (Α,Ζ) è	e-	+ (Α,Ζ) 	i.e.	the	coherent,	neutrinoless	
conversion	of	a	muon	to	an	electron	in	the	field	of	a	nucleus.	

q  CLFV	process.	Negligible	in	the	SM	(10	-52	assuming	neutrino	oscillaRons)	
q  A	CLFV	signal	is	observaRon	of	new	Physics	

Stefano Roberto Soleti26 gennaio 2015 /23

Tecnica sperimentale
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1. Generazione di un fascio pulsato di muoni a bassa energia. 
2. I muoni vengono fermati su una targhetta sottile, dove formano atomi muonici. 
3. Possono avvenire tre fenomeni:
Decadimento in orbita (DIO) 

(BR=39%)
Cattura nucleare 

(BR=61%)
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μ- νμ
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Conversione in elettrone

• Spettro di Michel allargato fino all’energia 
di segnale dal rinculo del nucleo. 

• Fondo relativo ai decadimenti in orbita è 
irriducibile. 

• Risoluzione del rivelatore fondamentale per 
discriminare: la misura dell’impulso a un 
tracker con risoluzione 120 keV/c a 100 
MeV/c.

Rivelatore ideale Rivelatore reale

A. Czarnecki, W.J. Marciano, and X. Garcia i Tormo, Phys. Rev. D 84(2011)
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Mono	energeRc	
electron	signal	vs	a		
fast	falling	spectrum	
from	Decay	In	Orbit	
	events	(DIO)	

Mu2e	goal:	improve	of	4	order	of	magnitude	the	sensiRvity	w.r.t.	previous	
Conversion	experiment	(Sindrum-II)	

The Mu2e experiment: physics goal
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Production Target / Solenoid (PS) 
 

•  8	GeV	Proton	beam	strikes	target,	producing	mostly	pions	
•  Graded	magneRc	field	contains	backwards	pions/muons	and	reflects	slow	forward	pions/muons	

For	the	sensiDvity	goal	!		
~	6	x	10	17	stopped	muons	
in	3	years	run	(	6	x	107	sec	)	
!	1010	stopped	muon/sec	

The Mu2e experiment: detector and simulation
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Signal sensitivity for a three year run

Reconstructed e- momentum

Stopped μ: 5. 8 × 1017

For R = 10-16

Nμe  = 3.94 ± 0.03
NDIO = 0.19 ± 0.01
NOther = 0.19

SES = (2.5 ± 0.1) × 10-17

Errors are statistical only

David Hitlin       The Tracking & Calorimeter Systems of Mu2e         INSTR17        February 28, 2016      

Transport Solenoid (TS) 
 

Selects	low	momentum,	negaRve	muons	
AnRproton	absorber	in	the	mid-secRon	

   Detector Solenoid 

•  Capture	muons	on	Al	target,	Measure		
momentum	in	tracker		and	energy/Rme	in	calorimeter	
•  Cosmic	Ray	Veto	detector	surrounds	the	solenoid	

For	Susy	BR=10-15	
à  signal	of	40	events	
								with	bkg	<	0.4	



Mu2e Calorimeter Requirements 
The Mu2e Calorimeter should:
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§  Provide high e- reconstruction efficiency for μ rejection of 200
§  Provide cluster-based seeding for track finding
§  Provide online software trigger capability 
§  Survive in a high radiation environment (100 krad, 1012 n/cm2)
§  Operate for 1 year w.o. interruption in DS  w/o reducing performance
In order to do so the calorimeter should have the following capability
  à Provide energy resolution σE/E of O(5 %) 
  à Provide timing resolution σ(t) < 500 ps
  à Provide position resolution < 1 cm
  à Provide almost full acceptance for Conversion Electron  @ 100 MeV 
  ! Redundancy in FEE and photo-sensors 

Solution: A crystal based disk calorimeter
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The Mu2e calorimeter basic design

11 May 20175

The Mu2e  Calorimeter is a state of the art 
detector consisting of two disks with 674 
34x34x200 mm3 CsI  square crystals:

à  Rinner = 374 mm, Router=660 mm, depth = 10 
X0 (200 mm)

à  Each crystal is readout by two large area 
UV extended SIPM’s (14x20 mm2)

 
à  Analog FEE is on the SiPM and digital 

electronics  located in near-by electronics 
crates

à  Radioactive source and laser system 
provide absolute calibration and monitoring 
capability

S. Miscetti | MU2E CALO @ MUSE mid term review

Mu2e	custom	SiPMs	
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475.7.1 Project Management   
L3 – S. Miscetti – (LNF) 
  

475.7.2 Crystals   
L3 – D. Hitlin (Caltech) 
       S.Giovannella (LNF) 

475.7.3 Mechanics  
L3 – F. Happacher (LNF), 
            F.Raffaelli (Pisa) 
 

475.7.4 Photosensors  
L3 –D.Hitlin (Caltech), I. Sarra (LNF) 
  

475.7.5 FEE and  Digitizer  
L3 – F. Spinella (Pisa) 
  

475.7.6 Calibration  
L3 – F. Porter (Caltech),  
        M.Cordelli (LNF) 
  

475.7.7  Power  
L3 – G. Corradi (LNF) 
  

475.7.8 Assembly and Installation  
L3 – A.Saputi (LNF)    
   

Calorimeter 
L2: S. Miscetti (LNF) 

Deputy: D. Hitlin (Caltech) 
  

q  SimulaDon:	B.Echenard(Caltech),	G.Pezzullo(Pisa),	CalibraDon:	P.Murat(FNAL)	
q  Trigger:				B.Echenard(Caltech),	S.DiFalco(Pisa)	

6

q  Large	InternaRonal	team:	INFN		à	25	FTE,	Caltech	à	8	FTE,	JINR			à	6	FTE,	HZDR	à	2	FTE	

The Calorimeter Team

q  	DOE/INFN/JINR	share	most	of	the	core	costs	
q  	INFN	(Italy)	provides	in-kind:	electronics,	mechanics,	laser.	
q  HZDR	(Germany)	provides	simulaRon/faciliRes	for	radiaRon	tests		
q  Caltech	is		fully		responsible	for	the	calibraRon	source	



Mu2e group composition in MUSE
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Mu2e	calorimeter	people	in	MUSE	
2	PhD	students,	4	post-docs,	2	young	Researchers,	8	staff	Researcher/Professor,	4	techs	



The Mu2e calorimeter in MUSE
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The	Mu2e	calorimeter	or	pieces	of	it	appear	in	3	WPs	in	MUSE:	
à	WP	2	:		the	Mu2e	Calorimeter	together	with	HPGE	that	is	the		
						2nd	relevant	European	contribuRon	from	UK	
à WP	3:	CalibraRon	systems	together	with	g-2	Laser	system	
à	WP	4:	Sohware:	together	with	g-2	sohware	(ART-framework)	

I	will	“transversely	report”	on	calorimeter		but	concentrate	mostly	
on	WP-2		while	providing	you	an	overview	of	the	system	and		
describing	the	related	deliverables	(done	and	in	progress):	
	
à  D2.1	(Technical	Design	Report)	Month	12	
à  D3.3	(Design	of	the	Mu2e	Laser	system)	Month	18	
à  D4.2	(Development	of	Mu2e	simulaRon	code)	Month	32	
à  D2.2	(ProducRon	DB	for	crystals	and	sensors)	Month	36	
à  D2.5	(Assembly	of	the	first	calorimeter	disk	)		Month	42	



Calorimeter Simulation
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@	CD-3,	crude	hits	digiRzaRon	 Today:	with	realisRc	hits	digiRzaRon	

S. Miscetti | MU2E CALO @ MUSE mid term review

§  Calorimeter	simulaRon	greatly	improved	during	last	year	to	include	realisRc	shapes	for	
the	signals	thus	proving	that	our	requirements	can	be	met.		

§  Now	conRnuing	the	refinement	of	this	work	by:	simulaRng	the	mechanical	structure,	
tuning	the	reconstrucRon	codeand	improving	shielding	for	radiaRon.	

More	details	
on		dedicated	
MUSE	SW	talk		



Reviews 2016-2017 and .... where are we now?

11 May 201710

	
	

§  Design	Review	à	Feb	2016	
§  Director	review	for	CD3-C	à	April	2016	
§  CD3c	à	June	2016	à	CD3c	approval	,	July	2016	
§  INFN/Fermilab	signature	of	Statement	of	Work	!	Oct	2016	
§  Final	Design	Report:	December	2016	
§  Mechanical	review:	March	2017	

S. Miscetti | MU2E CALO @ MUSE mid term review

-  Pre-producRon	started	aher	CD3c	
-  Now	proceeding	with	Module-0/Mockup	
-  Upcoming	reviews	for	ConstrucRon	Readiness	(CRR)		
					under	planning	(2017/2018)	à		start	of	producRon	
-				INFN/HZDR	parRcipaRon	to	meeRngs	and	reviews	
					increased	thanks	to	MUSE	
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Calorimeter: Design Status @ May 17

Calorimeter 
Subsystem 

Design 
Completion 

Remaining Work/Risks 

Crystals 100% CsI slow component specified.  
Pre-production done. Irradiations done. 

Photosensors 100% SiPM packaging. Have three qualified SiPM 
vendors. Pre-production done. Irradiation 
studies to be continued. 

Mechanical 
Infrastructure 

90% Cooling design being finalized. Optimizing 
tradeoffs between noise, radiation damage and 
operating temperature. x2 headroom  

Front End 
Electronics 
And Digitizer (WFD) 

90% •  PreFEE for CsI/SiPM  done 
•  WFD  board design with 20 channels done. 

Pre-poduction in progress. 
•  Irradiation studies to be completed. 

Calibration 90% Integration of source pipe in progress. 
Laser optics being finalized. 

Overall Design  94% 

Prepare	
for	CRR	
now	

CRR	
@	2018	



Deliverable 2.1: FTDR
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N.Atanova, V. Baranova, J. Budagova,  S.Ceravolob, F. Cervellie, F. Colaob, M. Cordelli b, 
G. Corradib, E. Danéb, Yu.I. Davydova, S. Di Falcoe;g,  S. Donatie;g, E. Diociaiutib;j, R. Donghiab;k, 

B. Echenardc, K. Floodc, S. Giovannellab, V. Glagoleva, F. GrancagnoloI, F. Happacherb, 
D.G. Hitlinc, M. Martinib;d, S. Miscettib, T. Miyashitac, L. Morescalchie;f, P. Murath, D. Pasciutoe, 

G. Pezzulloe, F. Porter c, T. Radicionie , F. Raffaellie, M. Riccib;d, A. Saputib, I. Sarrab, 
F.Spinellae, D. Tagnanib;k,G. TassielliI, V. Tereshchenkoa, Z. Usubova, R.Y. Zhuc 

 
a. Joint Institute for Nuclear Research, Dubna, Russia 

b Laboratori Nazionali di Frascati dell’INFN, Frascati, Italy 
c California Institute of Technology, Pasadena, United States 

d Università “Guglielmo Marconi”, Roma, Italy 
e INFN Sezione di Pisa, Pisa, Italy 

f Dipartimento di Fisica dell’Università di Siena, Siena, Italy 
g Dipartimento di Fisica dell’Università di Pisa, Pisa, Italy 

h Fermi National Laboratory, Batavia, Illinois, USA 
i INFN Sezione di Lecce, Lecce, Italy 

j Dipartimento di Fisica dell’Università di Roma Tor Vergata, Rome, Italy 
k Dipartimento di Fisica dell’Università degli Studi Roma Tre, Rome, Italy 

 

Mu2e-doc-8429, December 2016 

ü  First	deliverable	of	WP-2	done	
	in	Rme	at	the	end	of	December.	
	
ü  It	is	a	complete	Technical	Design		
Report	of	128	pages	incorporaRng		
all	final	design	features	of	the		
calorimeter	system.	
	
ü  It	is	both		a	public	Mu2e		
Document		(DOCDB	#	8429)		
and		a	public	MUSE	document.	



Pre-production status: crystals
•  The 2 largest bids (3 and 1 M$) are the ones for Crystals and photosensors
•  Same technique of “competitive bid” used for both bids:
      ! Use pre-production to rank the vendors
      ! Final selection with 40% cost, 60% technical

For crystals, the international bid has been prepared @ FNAL:
o  6 vendors participated St.Gobain,  Siccas,  Amcrys, OptoMaterial, Hilger, 

Khineng. 3 vendors selected for preproduction
   St. Gobain, Siccas, Amcrys
o  We have received 24 pieces/each for module-0 (Oct-Dec 20160
o  We will receive additional 50 crystals from Amcrys as JINR (Dubna)

à  Quality assurance performed on all pieces (see next page)
à  Great contribution from PRISMA people for definition of 
       QA procedures and first version of Hardware DataBase 
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More	details	on			
MUSE		ToK	talk		



QA of crystals
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Fabio	Happacher	3
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Pre-production status: sensors
For photosensors, the international bid has been prepared @ INFN:
§  3 vendors participated 
§  3 vendors selected for preproduction of the Custom Mu2e SIPM
     Hamamatsu, SensL, Advansid. Each of them  produced 50 prototypes
§  Delivered on schedule in the middle of October
         à  We have spent > 4 months for the evaluation.
         à  3 months of Quality Assurance  in Pisa 

  à Longer time for Irradiation and MTTF
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FNAL -  February 9 2017G. Pezzullo (INFN of Pisa) 3

Experimental setup

Relays	&photocouplers boards

Microcontroller

KEITHLEY	Picoamperometer
(I-V	curve,	Vb and	PDE)

Amplifier

Oscilloscope	(50	Ohm)	
(Gain	and	Decay	Time)

Vamp

La
bV

ie
w

LabView

BLACK	BOX

Tr
ig
ge
r	

Pulse	generator

LED

Temper.	
Sensor

SiPM array
under	test

Reference
SiPM

Vin
Iout

Temperature  
kept @ 20℃

Pisa QA station got also the help 
of Prisma engineers for the 
design and assembly of the 

Relays board



QA of Silicon Photomultipliers
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Vbr	 Gain	
Photon	
counRng	

MTTF	TEST	@	LNF	

QA@Pisa	

QA@Pisa	 QA@Pisa	

FNAL -  February 9 2017G. Pezzullo (INFN of Pisa) 27

Hamamatsu: relative PDE @ Vop
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50 ns integration gate
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• Iterative formula used: Pi = PA - PB + Pi & PB  -> Pi = 0.54 +/- 0.03
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Crystal+SiPM	
+	FEE	



Pre-production status: FEE/WD
The electronics is composed of 3 parts:
1)  The FEE chips closed to the sensors (amplification, HV regulation)
2)  The Mezzanine Board (MB) to set/read HV , temperature and currents
3)  The Waveform Digitizer (WD) board to digitize the signals at 200 Msps.
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ü  130	FEE	pieces	produced	
ü  5	MBs	produced	
ü  WD	design	completed.		
ü  WD	PCB	in	rouRng.	
ü  2	WD	prototypes		
								under	construcRon		
ü  AddiRonal	5	WDs	expected		
							for	the	fall	
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FIB
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FIB
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ADS 
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3	

9	

1
0	

9	
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DC/DC 
3.3V/1.8V 
LTM8033 



Irradiation/simulation and implication for MUSE 
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q Crystals	tested	up	to	100	krad,	1012	n	@	14	MeV,	slow	neutron	high	rate	
q SIPMs	tested	up	to	20	krad,	4x1011	n_1MeV	eq/cm2	

q WD	(FPGA	OK)	ADC+DCDC	tested	up	to	20	krad,	6x1011	n_1	MeV	eq/cm2	

S. Miscetti | MU2E CALO @ MUSE mid term review

Increased	Safety	factors	ask	for:	
à TesRng	SiPM/FEE	up	to	1012	n/cm2	and		FEE/MB/WD	up	to	90	krad	
à  Improving	shielding	by	means	of	a	detailed	simulaRon	
à Organizing	a	new	irradiaRon	campaign	with	neutrons	and	Dose	
					Great	collaboraDon	inside	MUSE	for	usage	of	HZDR	facility	
				(P-ELBE)	for	neutron	irradiaDon,	(G-ELBE)	for	gamma	irradiaDon	

Figure 6: Experimental setup mounted with the SiPM surface at 2.2 cm from the neutron shielding

(blue lead blocks).

Results

The total 1 MeV neutron fluency absorbed by the SiPMs in 29 hours has been estimated

to be ⇠ 8.5 ⇥ 1011 n/cm2.

Thanks to the Peltier + Chiller cooling system, we were able to maintain the temperature

stable around 20� C, as shown in Figure 7.

In Figure 8, the measured currents as a function of the integrated flux are reported for all

the three tested SiPMs. A clear linear increase of the current with the flux is observed.

To summarise the measurements performed at EPOS facility, the temperature, the current

at the end of the irradiation and the current evaluated at an integrated fluency of

3⇥ 1011 n/cm2 are reported in Table 1 for each SiPM under test.

5

More	details	on			
MUSE		IrradiaDon	

	talk		



The Mu2e calorimeter calibration system
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  Mu2e Technical Design Report 

Fermi National Accelerator Laboratory 

9-56 

 
Figure 9.61. Picture of the ThorLab IS-200 integrating sphere (left); and the sphere’s reflectivity 
dependence on wavelength. 

There is not a stringent requirement on the laser pulse width, since the APD readout 
electronics has a rise time between 6 to 8 ns, thus setting an upper limit on the width of 
10 ns. Similarly, the pulse frequency is not strongly constrained since, as shown in the 
prototype test, running at 1 Hz provides better than per-mil statistical precision in one 
hour of data-taking. It is instead mandatory to synchronize the laser pulse with an 
external trigger to allow the light to reach the detector at the correct time relative to the 
proton beam pulse so that laser data can be taken during the time when the calorimeter is 
acquiring physics data as well as during the gaps between beam when the calorimeter is 
quiet. The laser pulse energy is strongly attenuated by the distribution system. However, 
the laser signal is required to simulate a 100 MeV energy deposition. For BaF2 this 
corresponds to ~10,000 p.e. in each photosensor. This roughly translates to a 10-20 nJ 
energy source. A safety factor of 20 is designed into the system to account for the 
eventual degradation of the signal transmission with time, resulting in an energy pulse 
requirement of ~ 0.5 µJ.  
 
There is a stringent requirement on the fibers. They should have high transmission at 
200-260 nm, a small attenuation coefficient and they must be radiation hard up to O(100 
krad). The best choice is fused silica fibers, both for their transmission properties (see 
Figure 9.62, left), a nearly flat wavelength dependence down to 150 nm, a long 
attenuation length and high radiation tolerance. 

9.12.1 Laser monitor prototype for the LYSO crystals 
The setup used for the transmission test and for the calibration of the LYSO calorimeter 
prototype is shown in Figure 9.62 (right).  The light source was an STA-01 solid-state 
pulsed laser emitting at 532 nm with a pulse energy of 0.5 µJ, a pulse width < 1 ns, good 
pulse-to-pulse stability (3%), and synchronization to an external trigger for frequencies 
up to 100 kHz. Table 9.7 summarizes the performance of equivalent STA-01 lasers 

§  The	Laser	calibraRon	system	has	the	goal	
to	monitor	the	changes	of	the	SiPM	gain	and	
of	their	resoluRon	by		distribuRng	315	nm		
Laser	light	to	each	sensor.	
	
§  	The	distribuRon	system	is	based	on		
opRcal	lenses	and	diffusing	sphere.	
	
	We	have	done	few	meeRngs	with	our	
g-2	MUSE	colleagues	to	learn	details	and	
tricks	used	on	their	calibraRon	system.	
Good	collaboraDon	established	on	this.	



The Module-0 : from CAD to reality
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Module 0

• The outer shell has been initially machined in Lecce. Now in 
INFN Padova where they have EDM

• Front plate in Lecce
• FEE plate in Pisa
• FEE holders order out
• Crystals being wrapped
• SiPM tested
• FEE on the way

Fabio	Happacher	7

A	large	size	prototype	of	
the	disk	with	final	components.	
§  51	crystals,	102	sensors,	
§  102	FEE	chips,	cooling	
lines	and	readout.	
§  Completed	1	week	ago		

A	great	achievement!	



Test beam of Module-0 
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Last	Friday,		module-	0	has	been	transported	to	the	area	for	an	electron	beam	test	@	LNF.		
16	people	(INFN,	Caltech,	JINR)	are		working	on	this	test	that	is	being	carried	out		this	week.	
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The calorimeter full size Mockuppictures

Fabio	Happacher	14

pictures

Fabio	Happacher	14

Mock up

Fabio	Happacher	13

inner'cylinder'
and'a'por0on'

of'the''
front'plate'

-  Mockup	is	standing	on	its	feet	
-  CF	rings	mounted	
-  Crystal	supports	being	prepared	
-  Fake	crystals	(700)	being	wrapped	
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Preparation for production/long term deliverables

à D2.2	(ProducRon	DB	for	crystals	and	sensors)	Month	36	
à D2.5	(Assembly	of	the	first	calorimeter	disk	)		Month	42	

§  The	conclusion	of	the	internaDonal	bids	for	crystals/sensors	will	happen	this	
summer	aher	their	CRR	planned	for	middle	of	June.	

	
§  ProducDon	of	crystals/sensors	will	start	on	the	fall	with	a	delivery	schedule	

of	1.5/1	year	respecRvely.	Tools	for	QA	have	been	prepared		and	proved	to	
work	on	pre-producRon	à	Most	of	the	final	QA	will	be	located	@	FNAL.	

	
§  For	the	disk	assembly		we	had	a	successful	Mechanical	Design	Review	in	

March.	ConstrucRon	of	Module-0	and		compleRon	of	Mockup	are	the	first	
steps	to	be	completed	before	producing	the	final	full-size	pieces.	

						à		Assembly	area	at	FNAL	is	being	prepared.	
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Conclusions

§  The	Mu2e	calorimeter	is	a	state	of	the	art		detector	that	will		
	provide	a	very	important	contribuRon	to	the	idenRficaRon	and		
	reconstrucRon	of	the	Conversion	electron	candidates.	
	
§  The	calorimeter	is	progressing	well	and	in	schedule.	

§  The	EU	contribuDon	to	this	system	has	been	remarkable	and	
	has	improved	from	beginning	of	2016	thanks	to	MUSE	network:	
	
				à	Our	presence	is	constantly	increased	
				à		The	network	between	Research	InsRtuRons	works	well	for	irradiaRon,		

				simulaRon	and	calibraRon	
					à	The	collaboraRon	with	our	SME	partners	is	proceeding	well	
					à	We	are	on	schedule	and	on-budget	for	MUSE	deliverables.		
						One	completed.	One	being	completed.	Two	in	progress.	One	sDll	long	term.	
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