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 Calorimetry at O (GeV) level 
   à Particle Factories 
    à Rare searches 
     …..  essentially EM calorimeters  
 
Three Golden Examples 
q  Kaon/hadron physics: KLOE Lead/Scifi EMC 
q  LFV searches: 
    à MEG/MEG-upgrade: Liquid Xenon + PMT/SiPMs 
    à MU2E: CsI + SiPMs  
 
Conclusions 
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 Outline of the lecture 



KLOE at DAφNE - the Frascati φ Factory 
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1) Motivations and Requirements

KLOE: e+e- collisions at √s = M ( φ ) =1020 MeV
final states:

49% K+K- Æ µν, 2 π, 3 π
34 % KSKL Æ π+π−,π0π0

Æ πµν , πeν, π+π−π0, π0π0π0, π+π−,π0π0

15% π+π−π0

 1% ηγ   Æ γγγ, π0π0π0γ, π+π−π0γ 
other decays     Æ…

 Charged particles: pions muons electrons up to 500 MeV
 : charged kaons p = 110 MeV/c
 Neutral particles: photons 20 < E < 500 MeV
 : KL ( λL = 340 cm )   p = 110 MeV/c

The KLOE detector:
Drift Chamber
E.M. Calorimeter
Q.Calorimeter

Magnetic field 
= 0.52 T (solenoid)

q  KLOE	experiment	required	a	high	performing		detector		joining	
high	precision	tracking	with	well	performing	calorimetry	

q  Luminosity	few	1032	cm-2sec-1,	L	of	2.5/B	(KLOE-2	5/B)	
	
q  Largest	size	tracker	in	the	world.	He	based	gas	mixture.	
						Stereo	angle	wires.	1	MeV	resolu1on	on	Kaon	masses.	
						 	!	0.4%	momentum	resolu1on	at	500	MeV.	

 φ  Branching Ratios 

K+K– 49.1% 

KSKL 34.3% 

ρπ + π+π-π0 15.4% 

 ηγ   1.3% 

 ηʹγ   O(10-4 ) 

 f0(980)γ   O(10-4 ) 

 a0(980)γ   O(10-4 ) 

Process Cross section (µb) 

e+e–  →  φ ≈ 3 
e+e– → e+e–(γ) 6.2  (θ >20°) 

e+e– → µ+µ–(γ) 0.1 

e+e– → π+π–(γ) 0.05 

Kaon	physics	
-  CP	violaOon	
-  Vus,BR	measurements	
-  Quantum	Interferometry	
Light	hadron	spectroscopy	
Hadronic	Cross	secOon		



A High Sampling Calorimeter 
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Requirements on the calorimeter:
0.    Hermeticity (photon counting, 2 π0 vs 3 π0 decays)
1. Efficiency for photons 20 < E < 500 MeV
2. Energy resolution < 7%/√E in this range
3. Time resolution ~ 100 ps in this range
4. Fast response (main trigger device)
5. Charged particle identification (π vs e vs µ) 

ÆIdentification of KL Æ π0π0 decay in the “fiducial volume”
Event 
φÆ KSKL Æ π0π0

Æ π+π−

ÆIdentification of π+π−γ events respect to e+e-γ background

ÆIdentification of KS Æ πlν respect to KS Æ π+π− (103 times
more frequent)

q  Calorimeter	Requirements:	reconstruct	with	high	efficiency	and	good	resoluOon	both	
“prompt”	hadronic	decays	(from	the	IP)	and	KL		decays	in	2/3	π0	in	the	large		KL	decay		
volume	(~	4	m	diameter)	of	the	KLOE	Drit	Chamber	

q  This		translated	in	a	long	list	of	technical	specs	difficult	to	fulfill	in	1995	(20	years	ago).	
Driving	need	was	to	reconstruct	neutral	vertex	with	1	cm	accuracy.	

					In	other	words,	100	ps	resoluOon,	10’s	of	ps	of	Oming	accuracy	(1-2	mm	boundaries)	
					for	20-300	MeV	photons.	
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•  Hermeticity (photons counting 2 π0 vs 3 π0) 
•  Efficiency for low energy photons ( Eγ < 300 MeV down to 3 MeV) 
•  Energy resolution of O (5 % /SQRT( E/GeV)) 
•  Time resolution  of   O ( 50 ps/SQRT(E/GeV)) 
•  Fast response for triggering ( signals of O (100 ns)) 
•  Charge particle identification (π vs µ vs K+) 
•  Measurement of KL interaction on the calorimeter  
•  Identification of KLà 2π0 decay vertex (Timing and position) 
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Two	soluOons	explored:		
		1)	Crystal	calorimeter	such	as	CsI(Tl)		
		2)	High	sampling	lead-fiber	calorimetry	(Chosen	SoluOon)		

	Cheaper,	faster,	beVer	1ming	resolu1on	(at	the	1me)	
		A	Posteriori	
à CsI(Tl)	could	not	have	granted	rejecOon	of		the	few		MHz	machine	bkg	in	EndCaps	
à	Csi(Tl)	has	befer	energy	resoluOon	but	worse	posiOon	resoluOon	..		
				 	No	improvements	available	with	kinemaOc	fi/ng	

A High Sampling Calorimeter 



Details of the KLOE EMC structure 
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The	advantage	of	this	choice	resides	in	the		highly	uniform	and	high	frequency	of	sampling.		
	
Fibers	posi1oned	on	the	ver1ces	of	an	equilateral		triangle.	
From	“sampling”	formula	(even	assuming	Ec=600	MeV/Z)	à	σ(E)/E	(slabs)	=	7	%	
Sampling	frequency	gets	a	factor	of	two	larger	than	than	for	alternated	slabs	of	fibers/lead	
à	Energy	resoluOon	improved	by	1/sqrt(2)	!	TB	proven	4.-4.5	%	energy	resol.	
à	Nice	opOcal	connecOon	between	lights	and		photo-sensors.	
à Flexible	for	shapes	..	allowed	to	posiOon	PMT	inside	0.5	T	field	
à Able	to	build	3D	reconstrucOon	of	objects	

22

Un esempio di EMC a campionamento fine: KLOE

1.2 mm

1.35 mm1.0 mm

Lead

 Active material:

•1.0 mm diameter scintillating fiber

High sampling structure:

• 200 layers  of 0.5 mm grooved lead foils

• Lead:Fiber:Glue volume ratio = 42:48:10

  Calorimeter thickness = 23 cm

 Total scintillator thickness ~ 10 cm

Lead-Scintillating Fiber Calorimeter with

excellent timing performance.
24 barrel modules, 4m long + C-shaped
End-Caps covering 98% of solid angle.
Time res: σT = 54 ps / √E(GeV) ⊕ 50 ps.

Energy res: σE/E = 5.7% / √E(GeV)
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Un esempio di EMC a campionamento fine: KLOE

1.2 mm

1.35 mm1.0 mm

Lead

 Active material:

•1.0 mm diameter scintillating fiber

High sampling structure:

• 200 layers  of 0.5 mm grooved lead foils

• Lead:Fiber:Glue volume ratio = 42:48:10

  Calorimeter thickness = 23 cm

 Total scintillator thickness ~ 10 cm

Lead-Scintillating Fiber Calorimeter with

excellent timing performance.
24 barrel modules, 4m long + C-shaped
End-Caps covering 98% of solid angle.
Time res: σT = 54 ps / √E(GeV) ⊕ 50 ps.

Energy res: σE/E = 5.7% / √E(GeV)

Fiber:Lead:Glue	volume	=	48:42:10	
Lead	Thickness	500	um	(d/X0	=	0.1)	
1	mm	diameter	fibers	



Scintillating fibers 
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 θTR = 21°
 θTR = 21°

cladding

core 36°

2) Working principle and Calorimeter structure:

(1) Scintillating fiber (1mm diameter) [emitting in the
blue-green region (λpeak~460 nm)]

n(core=polystirene)   =  1.6 n(cladding=PMMA) = 1.49
Only ~3% of photons produced are trapped in the fiber
But : 
(a)  ~ uni-modal propagation at 21o Î small transit time spread
(b)  Small attenuation (λ ~ 4-5 m)
(c)  Cladding light removed by optical contact with glue 

n(glue) ~ n(core) 
Fibers used:    Kuraray SCSF-81   Pol.Hi.Tech. 00046

15.000 km of fibers
(fully tested: A.Antonelli et al., NIM A370 (1996) 367)

1.2 mm

Lead

1.35 mm
1.0 mm

(2) Lead: 0.5mm grooved layers (95% Pb and 5% Bi)

(3) Glue: Bicron BC-600ML
+ hardener (28%)
(1.5 h pot life)

5

Le fibre scintillanti

 θTR 
= 21°

 θTR 
= 21°

particella

cladding

core
36°

aria

Gli scintillatori si realizzano anche

sotto forma di fibra ottica.

La fibra è costituita da:

 un nucleo scintillante interno detto

   “core” costituito da materiale plastico

   (polistirene) opportunamente drogato.

   Indice di rifrazione: n1 = 1.6.

 Un rivestimento trasparente detto

  “cladding” costituito di plexiglass.

   Indice di rifrazione: n2 = 1.5

La luce prodotta

in un cono di 21°

si propoga per

riflessione totale

entro la fibra.

- 3% raccolta

- buona qualità

  (fluttuazioni

   temporali,

   attenuazione)

KLOE	has	got	in	its	detector	more	than	15,000	km	of	opOcal	fibers.	
Long	producOon	from	two	firms:	Kurarary	(Japan),	PoLiHiTech	(Italy)	

§  “ScinOllaOng	opOcal	fibers”	are	consOtuted	by	a	scinOllaOng	“core”	(Polistyrene)	with	
refracOve	index	(η)	of	1,6	protected	by	one	(or	two)	external	claddings	(plexiglass)	with	
lower	η	(1,5)	

§  Due	to	internal	reflecOon,	The	trapping	angle	is	of	21°	so	that	the	light	travels	pracOcally	
at	small	angle	inside	the	fiber.	Opening	angle	in	air	contact	<	40°		

§  Small	value	of	light	collecOon	at	the	edges	(3	%)	
§  Large	values	of	aVenua1on	lengths	>	250	cm	(long	detectors)	
§  Small	value	of	1ming	dispersion	along	fiber	axis	
§  Fibers	both	scinOllaOng	on	Blue	or	WLS	(on	green)	exist	

	KLOE	fibers	specs:	
ü  1	mm	diameter	
ü  4	m	length	
ü  λopt	=	410	nm	
ü  τ	=	2.5	ns	
ü  LY	of	4-5	pe/MiP	
ü  λaf	=	350	cm	
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Construction scheme:
lead foil + glue + fiber layer
repeat 10-15 layers
wait for glue curing with 1.1 atm pressure (pistons)
90o bending (in case of end-cap modules)
repeat up to ~ 200 layers (one module complete)

Assembly station for End-Cap modules

Properties of the resulting structure:
Lead : Fiber : Glue volume ratio = 42 : 48 : 10
Density                                        =   5 g / cm3

Radiation Length                         =  1.5 cm
Module thickness                        =  23 cm  (~ 15 r.l.)

Construction scheme:
lead foil + glue + fiber layer
repeat 10-15 layers
wait for glue curing with 1.1 atm pressure (pistons)
90o bending (in case of end-cap modules)
repeat up to ~ 200 layers (one module complete)

Assembly station for End-Cap modules

Properties of the resulting structure:
Lead : Fiber : Glue volume ratio = 42 : 48 : 10
Density                                        =   5 g / cm3

Radiation Length                         =  1.5 cm
Module thickness                        =  23 cm  (~ 15 r.l.)

Assembly Station … 

Flexible	lead/scifi	composite	for:	
	
	à	Curvature.	It	allows	to	put	PMT	

	in	smaller	B-Field	area	
à  Length.	It	allows	to	build	4.3	m	long	

barrels	

Abstract

The KLOE calorimeter is a fine lead-scintillating fiber sampling calorimeter. We describe in the following the
calibration procedures and the calorimeter performances obtained after 3 years of data taking. We get an energy
resolution for electromagnetic showers of 5:4%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p

and a time resolution of 56 ps/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

EðGeVÞ
p

: We also present a
measurement of efficiency for low-energy photons.
r 2002 Elsevier Science B.V. All rights reserved.

PACS: 29.40 V

Keywords: Electromagnetic calorimeter; Scintillating fibres; Time resolution

1. Introduction

The main goal of the KLOE detector [1,2] at
DAFNE; the Frascati f-factory [3], is to study the
CP violation in the decays of neutral kaons [1]
with an accuracy of Oð10#4Þ on the parameter
Rðe0=eÞ: The detector (see Fig. 1) consists of a
tracker and an electromagnetic calorimeter
(EMC), both embedded inside a superconducting
coil which produces a field of 0:6 T: The detector
dimensions are driven by the mean decay length of
KL mesons ðlLB3:4 mÞ:

The calorimeter’s main tasks are to identify the
KL;S-p0p0 decays in the photon energy range
20 MeVoEgo280 MeV; to reconstruct the decay
path of KL-p0p0 with a precision of few
millimeters in a cylindrical fiducial volume of a
radius rB200 cm and a height #150 cm

ozo150 cm; and to reject the KL-p0p0p0 back-
ground at 10#3 level. The decay path is obtained
from a measurement of the time-of-flight of
photons from p0 decays. Since neutral kaons from
f-mesons decaying at rest travel with a velocity
bB0:2; time measurements with a resolution of
100 ps allow to determine the KL flight path
decaying in np0 to B0:6 cm; for a single detected
photon. With such a resolution an accuracy of few
ps on the time scale must be maintained over the
entire time of data collection which is of the order
of 2–4 years. Requirements on the energy scale are
less stringent, of the order of few %. The two
scales are continuously calibrated utilizing a host
of other processes, from Bhabha scattering events
to many f and kaon decay channels. We present
briefly the calibration procedures developed and
the performances obtained. A detailed description
can be found in Ref. [4].

2. Structure and geometry

The KLOE calorimeter consists of a central
part, the barrel, and two endcaps. The almost
cylindrical barrel is organized in 24 modules of
trapezoidal cross-section 4:3 m long, 23 cm thick
with bases of 52 and 59 cm and covers the polar
region 491oyo1311: In the barrel the fibers run
parallel to the beams. Each endcap consists of 32
vertical modules 0.7–3:9 m long and 23 cm thick
with a rectangular cross-section of variable width.
The endcaps modules are bent at the upper and
lower ends to allow insertion into the barrel
calorimeter providing hermetic coverage of the
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Fig. 1. Vertical cross-section of the KLOE detector.

M. Adinolfi et al. / Nuclear Instruments and Methods in Physics Research A 494 (2002) 326–331 327

Curing	Ome	of	few	hours	between	0.5	mm	
grooved	plates	(obtained	by		a	grooving	
machine)	and	fibers	with	Epoxy	glue.	
Pressure	of	1.1	atm	applied	each	10	layers.		



Light guides , PMTs used and readout 
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Plexiglass light guides (n=1.6, 20 cm length [Winston cone])
Glued on both sides (after milling)Î 4.4 X 4.4 cm2 granularity:

Fine-mesh photomultipliers (1.5’) Hamamatsu R5960
Working in B=0.1-0.2T and 0 < θ < 30o ( Q.E.~25% , G~5 x106)

Fully tested (see A.Antonelli et al. NIM A379 (1996) 511)

TAC A/D

V/I A/D

ADDER
TDC BOARD        30 channels

ADC BOARD        30 channels

TRIGGER

DIS
Vth

LINE
DELAY

PM
50      CABLEΩ

CFD

+

+

_

-PREAMP

SDS BOARD     30 channels

SHAPER

BESSEL
FILTER

START

MONOSTABILE

+
_

S/H

S/H

S/H

Readout scheme:
The signal is splitted in 3 parts:
1 for energy measurement
1 for time measurement (discriminated: threshold = 4 mV)
1 for trigger operation

Î 4880 read-out channels: light guides + PMT + electronics

Z	reconstrucOon	=	Vf	x	(Ta-Tb)/2	à	Sigma(z)	=	Vf	x	Sigma(t)	Ta	 Tb	 Vf	=	c/η	=	5	ns/m	

Readout	in	X-Y	
Organized	
In	4.4x4.4	cm2	

§  OpOcal	connecOon	of	4.42	cm2	à	3.7	cm	diameter	PMTs	with	Bicron	opOcal	grease		
§  Light	collecOon	befer	than	90%	i.e.	>>	basic	area	raOo	loss	(50%),	LY=	(1-2	pe/MeV)	
		à	Liouville	Theorem	in	ac1on	by	means	of	Winston	Cone	and	trapping	angle	in	fibers	
§  5	Layers	of	readout	along	the	shower	dept	(Transversal	readout)	
§  Longitudinal	reconstrucOon	along	fiber	axis	with	difference	of	Oming	

	 	 	 	Mesh	Dinodes	PMT	(HPK	R5960)		
à	first	PMT	working	in	B-Field	due	to	grid	geometry	@	EndCap	at	B=0.2	T,	θ=	30°	
à		Fast	Transit	Time	spread	<	100	ps/p.e.,		G=4x106,		εq(420	nm)	=	25%	

field outside a superconducting solenoid. The PM can be 
rotated in such a way as to change the angle 0, between the 
field direction and the PM axis, from 0” to 90”. The 
maximum field magnitude is B = 0.2 T. The fringing field 
has been mapped and found to be uniform, inside the PM 
volume, within 15%. 

(2) The PM is placed inside a solenoidal magnetic field 
of magnitude up to 0.28 T, as sketched in Fig. 1. The 
magnetic field has been mapped at various current values, 
in order to check its uniformity and linearity as a function 
of the supply current. The angle 8 ranges from 0” to 36”. 
being limited by the solenoid’s internal radius. 

In both experimental set-ups 1 and 2, the PM can be 
rotated around its symmetry axis by 360”. Both 0 and the 
rotation 4 are defined to 53”. We use green light emitting 
diodes (LEDs) as light sources. The light can be either 
uniformly diffused over the whole PM photocathode or 
collimated in a small spot of 1 mm diameter. The PM 
output signal is sent to a charge sensitive ADC. The 
measured charge (Q) spectrum is approximately Gaussian, 
thus the average number of photoelectrons N collected by 
the multiplier structure, about 10’. is obtained from the 
ration tie)/(Q) according to o-(Q)/(Q)= l/A and 
assuming that the main fluctuation is due to photoelectron 
statistics. The PM gain G is obtained from the ratio of the 
anode collected charge to the cathode charge. By repeated 
measurements under the same conditions, we estimate that 
both n and G have a systematic uncertainty of 3-5%. 

I SOLENOID 

I \ 

I \ 

Fig. I. Sketch of the measurement set-up 2. Magnetic field 
direction and PM position are shown. 

coming mainly from LED instabilities and reproducibilities 
of position and angle. 

All tubes were run with Hamamatsu grounded anode 
high voltage dividers. Voltage drops between all electrodes 
are the same, except for that between the cathodes-first 
dynode which is twice the amount. During the test the PMs 
were run at from 2.0 to 2.5 kV. 

3. Results 

3.1. Gain and photoelectron collected dependence on 
magnitude and direction of magnetic field 

Measurements on the R2490-05 PM were done with 
set-up 1, see Section 2, allowing us to explore the full 0 
range. Fig. 2a shows the mean value of the signal vs. 8 
when illuminating uniformly the photocathode for B = 
0.2 T. The signal rises between 0” and 50” and sharply 
decreases between 50” and 70”. For 0 greater than 70” the 
signal disappears. The rise of the signal is due to an 
increase of the PM gain with 0, as shown in Fig. 2b. The 
sharp decrease for angles greater than 50” (see Fig. 2c) is 
due to a loss in photoelectrons collected by the dynodes, as 
shown in Fig. 2c. 

* 
0 t,I,,,,I”,‘l,,,,~,I,,,,I.,,,I,,~,,,I, 

0 10 20 30 40 50 60 70 80 ! 
0 (degrees 

0 10 20 30 40 50 60 70 80 90 
9 (degrees) 

;; ~~~~~~~ 

0 10 20 30 40 50 60 70 80 90 
9 (degrees) 

Fig. 2. (a) Signal mean value (in ADC counts) for a R2490-OS 
2 in. PM as a function of the angle B between tube axis and 
magnetic field; B = 0.2 T. (b) The PM gain as a function of the 
angle 8. (c) The average number of photoelectrons N as a function 
of the angle 0. 

G. Barbiellini et al. /Nucl. Instr. and Meth. in Phvs. Res. A 362 (1995) 245-252 251 
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Fig. 6. Relative gain at 1600 G. 

concerns the gain, as a function of the angle 8. Moreover, 
the absolute value of the average transit time and of the 
t.t.s., obtained in the simulation, are compatible with the 
upper limits quoted by the firm [13] and with the available 
experimental data. For these reasons, results of the Monte 
Carlo were considered reliable and the simulation was 
fully exploited for a deeper analysis of the dependence of 
the PM main features on the constructive parameters by 
separately varying the free parameters of the simulation; 
the results of this particular study can be summarized as 
follows: 

- the most relevant effects are given by the combined 
variation of the parameters Q and y in formula (1) and of 
the effective impact probability on the grid of the imping- 
ing electrons. The last quantity determines if the multipli- 
cation process is mainly due or not to those electrons that 
cross a mesh without a strong interaction on the wires 
arriving on the next grid with a double value of the kinetic 
energy. 

Fig. 7. Possible cross-section of the grid wires: for the circular 
section case there can be (a) backward and (b) forward emission; 
in the rectangular case only backward emission is favoured and 
not all the secondary electrons pass through the mesh. Cc) micro- 
scope photographic picture of a real grid: 11 pm wire separation, 
5.5 pm wire size. 

- the t.t.s. performance is mainly determined by the 
grid geometry; since the impinging electron excites a 
number of secondaries that get off the metal surface with a 
direction distributed around the normal to the surface, in 
the case of rectangular wire cross-section, emission to- 
wards the cathode is more favoured than in the case of 
circular cross-section (Fig. 7); the transit time spread in- 
creases by a 50% when changing from the former case to 
the second in the simulation; moreover, especially at high 
magnetic field values, the emitted particle has a greater 
probability of falling on the emitting grid when spiralizing 
with a little curvature radius; 

- the S.E.E. average energy, a material dependent 
parameter, slightly affects only the t.t.s.; by comparing 
results obtained with 3.5 and 20 eV for the average energy 
of the true secondaries, an increase of less than 20% in t.t.s 
was seen at higher energy due to the corresponding greater 
spread in velocity for the emitted particles. 

- The mesh density in the grid is very important for the 
PM gain; from the impact probability study it comes out 
that a best compromise must be found between the need of 
a high impact probability for electrons accelerated in be- 
tween two grids and the need of a low impact probability 
for low energy backwards extracted electrons; in the simu- 
lation, studies were performed by varying the impact prob- 
ability at normal incidence around 50%, the actual fraction 
of the wire area over the grid surface. It is also important 
to understand that the height of the peak visible in the gain 
curve near 6= 45” is inversely proportional to the impact 
probability (at 9 = 0’): in fact the impact probability is 
always 1 for 6 = arctg(R) where R is the ratio between 
the wire diameter and the wire separation (from our mea- 
surements of the grid characteristics and from the experi- 
mental evidence R - 1). 



Final detector before inserting DC 
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General Structure:

All modules Î fibers almost    to the incoming particle 

(1) Barrel: 24 modules:
Trapezoidal section
(52 – 59) X 23 cm2

4.3 m length
Î cylinder 

diameter = 4 m
length     = 4.3 m     

⊥

(2) End-Caps:
32 modules each:
Rectangular sections
(9-27) X 23 cm2

0.7-3.9 m length (bent on
both sides)
Î 2 circles of 4 m diameter

22

Un esempio di EMC a campionamento fine: KLOE

1.2 mm

1.35 mm1.0 mm

Lead

 Active material:

•1.0 mm diameter scintillating fiber

High sampling structure:

• 200 layers  of 0.5 mm grooved lead foils

• Lead:Fiber:Glue volume ratio = 42:48:10

  Calorimeter thickness = 23 cm

 Total scintillator thickness ~ 10 cm

Lead-Scintillating Fiber Calorimeter with

excellent timing performance.
24 barrel modules, 4m long + C-shaped
End-Caps covering 98% of solid angle.
Time res: σT = 54 ps / √E(GeV) ⊕ 50 ps.

Energy res: σE/E = 5.7% / √E(GeV)

ü  Barrel	with	24	wedges,	Length	of	430	cm.		
ü  EndCaps	of	curved	shape	to	cover	98%	the	solid	angle	and	the	Barrel-EndCaps	
ü  N(PMTs)	=		5000.	Double	sampling	ADC,	50	ps	TDC	
ü  PosiOon	resoluOon:	1	cm	in	transversal	posiOon	,	1.2	cm/sqrt(E/GeV)		along	fiber	axis	



KLOE EMC performance 
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Energy measurement:

Absolute energy scale fixed by e+e- Æ γγ peak
Linearity checks using D.C. information

Linearity:
from    e+e-γ

(slight deviation (within 4%)
below 80 MeV)

Resolution:
from  e+e-γ

(mostly end-cap resolution)
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Time Measurement

The beams are bunched: collisions every n x 2.715 ns ( n = 1 or 2 )

RadioFrequency fixed to 368.3… MHz ( known at level 10-6 )

The event  time scale is ~ 30-50 ns >> interbunch timing

Î Every event you need to know the “real” t0

0

10

20

30

40

50

60

70

40 45 50 55 60 65 70 75

tcl-Rcl/c (ns)

Ev
en

tse+e-Æ γγ events:

T-R/c  raw  spectrum ( n = 1 )

Fourier analysis

(1) “Period” ∆t

Æ absolute time scale 

calibration 

(2) “Phase” t0

For every event: 

t – R/c  ( of the promptest particle ) Î find the right t0

Time  resolution
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Time resolution:

The constant term is:

50 ps   intercalibration

120 ps   bunch time 

fluctuations

ü  Nice	reconstrucOon	of	invariant	masses		
						(15	MeV	resoluOon	on	π0	masses)	
	
ü  KinemaOc	fi/ng	improved	masses		
					(	2-3	MeV	resolu1on	on	π0	masses)	
						thanks	to	good	posiOon	reconstrucOon	(1	cm)	
	
ü  	IdenOficaOon	of	KL	interacOng	on	calorimeter	
							with	precise	measurement	of	their	speed	

w.r.t.	4-4.5	%	with	protos	

StochasOc	term	as	proto	
50	ps/sqrt(E/GeV)	
consistent	with	simple	
parametrizaOon	
τ(scint)/sqrt(Npe/GeV)	
C.term	=	Clock	jifer	=	140	ps	

-  Npe	:		2%/sqrt(E/GeV)	
-  Noise:	small	w.r.t.	samp.		



MEG Liquid Xenon Calorimeter 
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Signal ( clear two body decay )Signal ( clear two body decay )
BackBack--toto--back ( 180back ( 180 ))
EEee = E= E = 52.8MeV= 52.8MeV
TTee = T= T

BackgroundBackground
Accidental coincidenceAccidental coincidence

ee + random + random ( major background, B( major background, Baccacc EEee ttee (( EE ))22 (( ee ))2 2 ))
Good resolutions of all detectors are criticalGood resolutions of all detectors are critical

Radiative muon decays Radiative muon decays 
ee ( suppressed, = 0.1B( suppressed, = 0.1Bacc acc )) e+?

àà ee signa l  &  bac k grounds igna l  &  bac k ground
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q  Charge	Lepton	Flavor	ViolaOon	search	
					SM	Forbidden	µ	à	eγ decay	in	flight	
					Ee=Eγ	=	52.8	MeV,	Te	=	T	
	
q  Backgrounds:	
						1)	Accidental	coincidence	
					Look	for	a	signal	over	background	
						with	good	resoluOon	of	all	detectors	
						proporOonal	to	I2	
					2)	RadiaOve	Muon	decays	
							1/10	of	accidental	coincidences	
							proporOonal	to	I	
	
q  Event	rate	of	muon	stop	107	u/sec	

q  Calorimeter	for	photon	detecOon	only	

Needs	for	very	precise	calorimetry,	both	on	energy	and	Oming	
à  to	compare			ΔP(e-γ)	=	Pe-Pγ				e	ΔT(e-γ)	=Te-Tγ

μ+	
beam	

e+	
γ	

Liquid	Xe	
γ-ray	detector	

e+	driz	chamber	
&	Oming	counter	

Gradient	magneOc	
field	



22/3/2018	 S.Misce/	@	LNF	Detector	School/Low	Energy	Calo	 12	

MEG	Design	energy	resoluOon	of	σ(E)/E	=1	%	at	52.8	MeV	
	
Looking		only	at	staOsOcal	power	à	No	noise,	No	leakage,	Negligible	Intrinsic	fluctuaOon	
σ(E)/E		=	1/sqrt(Npe)			à		Npe	à	(0.01)-2	=	10000	pe	@	50	MeV	à	200	pe/MeV	
Nγ	/MeV	=	Npe/GeV/εq	à	6000	γ/MeV		à	for	εq	of	10%,	collecOon	30%	

q  Liquid	scinOllators	offer	a	comparable	LO	with	the	best	of	scinOllaOng	crystals	

q MEG	selected	LXe	for	high	LY	and	fast	emission	!	Good	for	1ming	resolu1on	
						Rough	esOmate	à	34	ns/sqrt(Npe)	@	58	MeV		
						LY	(LXe)	=	40000	γ/MeV,		Npe	>	2000	pe/MeV		!	σT	<	100	ps	
	
q  Liquid	scin1llators	are	uniform,	negligible-small	intrinsic	resolu1on	

MEG Calorimeter: basic design 

NaI	 BGO	 GSO	 LSO	 LXe	 Lar	 Lkr	

ρ ( g/cm3) 3.7	 7.1	 6.7	 7.4	 3.0	 1.4	 2.4	

Rel	LY	 100	 15	 20-40	 45-70	 73	 70	 55	

Tau	(nsec)	 230	 300	 60	 40	 2.2,	34	 6,	1000	 2,		91	



900 l of Liquid Xenon 
846 2” UV-PMT soaked in liquid 
Waveform analysis for Pileup 
 
Advantages of Lxe 
•  Only scintillation light, 
     very high  LY (~75% of NaI)  
     40000 photons/MeV 
•  Fast scintillation time 
     (τdecay= 2,4, 45 ns for γ-ray) 
•  High stopping power (X0= 2.8 cm) 
•  Uniform (liquid) 
 
Disadvantages of LXe 
•  VUV Scintillation light (λ=175nm) 
•  Low temperature (165 K) to keep 

liquid state 
•  Purification system: removal of 
     H20/02 contamination) 

  MEG Calorimeter:  pro and contra 
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varies rapidly as a function of the wavelength in the vicinity of the scintillation
wavelength.

130 180140 150 160 170 190 200

-1
A

bs
or

pt
io

n 
co

ef
fic

ie
nt

 [m
  ]

Distance [cm]
0 10 20 30 40 50 60

I /
 I

10

10

−1

−2

10−1

Wave length [nm]

10−2

0

Xe Scintillation Spectrum

Water Vapor

(a) (b)

11

100 ppb

200 ppb

1 ppm

5 ppm

10 ppm

Fig. 4. (a) Absorption coefficient for 1 ppm water vapor. Superimposed is the xenon
scintillation spectrum. (b) Scintillation light intensity as a function of the distance
from the light source for various concentrations of water in LXe.

As we already noted, xenon is well purified before filling the detector vessel,
but some inner components of the prototype are made of G10 and acrylic
that are known to absorb and desorb water. During the initial stage of the
prototype operation, a strong absorption of scintillation light was observed.
After systematic studies on the residual gas by means of mass spectroscopy
and build-up tests, we concluded that water at the ppm level seemed to be
desorbed from the detector material into LXe.

We therefore introduced a circulation-purification system, as schematically
shown in Fig. 5, to remove the water. In this system, xenon, taken from the
bottom of the vessel through the Teflon tube and evaporated by the heat
exchanger, is pumped by a diaphragm pump and circulated through the gas
purifiers and the molecular filters, and is finally condensed back into the de-
tector. The flow rate of GXe is about 500 cm3/min, hence the whole volume
could be circulated in a few month time. We also carried out various tests to
study the purification process, such as stopping or changing the flow rate and
bypassing the purifiers or the filters.

6 Absorption length estimate

Purification was continuously performed for over 1200 hours. To evaluate and
monitor light absorption in LXe separately from Rayleigh scattering during
purification, we used cosmic ray muons as well as the α sources.
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Fig. 5. The circulation and purification system of xenon.

The total number of photoelectrons collected by all the PMTs (Npe) for each
cosmic ray event, being sensitive only to the loss of the scintillation photons,
is a good measure of the light absorption. In Fig. 6 (a), Npe is plotted as a
function of time. It increased by a factor four in about one month (700 hours)
and almost saturated. A comparison with a Monte Carlo simulation indicates
that λabs increased from ∼ 10 cm to above 1 m.

In Fig. 6 (b) the relative changes in the α peaks of the PMTs located at certain
distances (7.6 cm and 11.6 cm) from the α sources are plotted. For the PMTs
at a longer distance, the PMT outputs increased much more significantly and
saturated slightly later, just as expected for the light absorption in LXe.
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Fig. 6. (a) The total number of photoelectrons collected by all the PMTs for cosmic
ray events as a function of time. (b) The relative changes in the α peaks of the
PMTs located at 7.6 cm and 11.6 cm from the α sources.
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  MEG Calorimeter: VUV light absorption  

Water	vapor	is	the	worst	contaminant	in	Lxe		
absorbing	large	part	of	the	emifed	photons	@	
180	nm.	When	improving	purity	
				à	AfenuaOon	length	improves	up	to	100	cm	
				à	Light	yield	greatly	increases	
				à	Reduced	fluctuaOon	along	collecOon		
According	to	simula1on	!	AVenua1on	lengths		
at	this	level	enough	to	reach	resolu1on	of	1.2%	
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PMTs are installed into PMT holdersPMTs are installed into PMT holders
PMT holders are installed into PMT support structurePMT holders are installed into PMT support structure

Det ec t or  c onst ruc t ionDet ec t or  c onst ruc t ion

  
  

outer

side

top

inner
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  MEG Calorimeter: construction 
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900 liter liquid xenon900 liter liquid xenon
846 2” PMTs directly soaked into liquid846 2” PMTs directly soaked into liquid

Only scintillation lightOnly scintillation light
High light yield (~40000photons/MeV)High light yield (~40000photons/MeV)
Fast response (4.2, 22, and 45ns)Fast response (4.2, 22, and 45ns)

Good energy/position/timing resolution Good energy/position/timing resolution 
for 52.8MeV for 52.8MeV 

Waveform recorded: pileup rejectionWaveform recorded: pileup rejection

Pulse tube refrigerator: liquid xenon to Pulse tube refrigerator: liquid xenon to 
165K 165K 

Purification system: HPurification system: H22O/OO/O22 contami. contami. 
removalremoval

Liqu id  x enon c a lor im et erL iqu id  x enon c a lor im et er
  
  

  
  
  

  

  

  

  

Inner
cryostat

Vacuum
vessel

HV 
Feedthru.

Signal
Feedthru.

Pulse tube
refrigerator

  MEG Calorimeter: performances 

Prototype	
Reached	1.2%	

Prototype		
65	ps	

84	ps	
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The Five Observables & Rsig
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The best fitted likelihood function is shown. “Signal” in arbitrary scales.

accidental

radiative 
decay

signal

teγ

θeγ φeγ

Ee Eγ

Rsig

Rsig = log10(S / (fRR + fAA)), where S=signal, R=radiative, A=accidental

sum

  MEG detector: reconstruction 
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  MEG upgrade: detector improvement 

-  New	run	expected	in	
						coming	years	to	
						improve	muon	

					staOsOcs	
	

-  Strong	improvement	on	
					all	detector	components	
					to	improve	rejecOon	

				of	Accidental	Coincidences	
	
	

-  Goal	is	to	improve	sensiOvity		
on	CLFV	of	a	factor	

	of	10	down	
to	BR	of		4x10-14		



MEG-II: Calorimeter Upgrade	

19	

Calo-upgrade:	reach	the	1%	res.	target	
ResoluOon	limited	by	the	non-uniformity	of	
the	photon	collecOon	efficiency.	

12x12mm2		
MPPC	×	4096	2’’	PMT	

×	216	

à Replace	the	PMTs	at	the	γ	incident	face			
					with	12x12	mm2	MPPCs.	

(CG)	

Upgrade!	
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MPPC+PMT	PMT	

Imaging	power	will	be	significantly	improved.	
		!	BeVer	energy	&	posi1on	resolu1on	

The	layout	of	the	PMTs	will	also	change.	
			à	less	energy	leakage,	befer	uniformity	
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MEG-II:	Calorimeter	Upgrade	



VUV SiPMs 
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		●	Sensi1ve	to	VUV-light	
				à	ProtecOon	coaOng	is	removed,		
								VUV-transparent	quartz	window						
								is	used	for	protecOon.	
	
● Series	configura1on	of	cells	to	
					reduce	overall	quenching	1me	

-	50μm	pitch	pixel	

-	metal	quench	resister	

-	4	independent	
chips	

LXe

23 Mar 2017 CSN1 - MEG status 5

Mu2e!

Measured performance for series!

14 December 2015!S. Miscetti @ Calorimeter Review!4!



Mu2e search: High Intensity CLFV 
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q  Extremely	high	rate:	muon	beam	of	10	GHz	stopping	on	aluminum	target	
q  Pulsed	beam	with	1.8	usec	structure	
q  Conversion	Signal	close	to	end	point	of	background	
q  High	rate	of	neutrons	and	dose	(1012	n/cm2,	100	krad)	
q  Need	to	work	under	vacuum	(10-4	Torr)	+	1	T	field	
NEED	of	extremely	light	and	precise	tracker	!		200	keV	at	100	MeV	

Mu2e search for the Muon to electron conversion in the field of an 
Aluminium nucleus. 

19

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      



Why calorimetry at Mu2e ?

Large acceptance for µ à e events to provide:  
•  Particle Identification capabilities 
•  “seeds” to improve track finding at high occupancy 
•  A tracking independent trigger 

   + .. resistant to radiation and working in 1T field and @ 10-4 Torr vacuum 
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The calorimeter adds  complementary qualities to the tracker system: 



PID calorimeter-tracker – basic idea 

Compare the reconstructed track and calorimeter information: 
§  Ecluster/ptrack    & ∆t= ttrack – tcluster,  
§  Build a likelihood for e- and mu- using distribution on E/p and ∆t 
 
 

� =
p

E
⇠ 0.7, Ekin = E �m ⇠ 40 MeV

Particle identification

B. Echenard | DOE IPR Review                         25 7/25/2017

Selector based on the ratio energy/momentum (E/p) and the time difference between the 
center of the tracker and the calorimeter (∆T) 

E/p: electrons vs muons∆T: electrons vs muons

Build a PID selector (likelihood ratio) based on these two variables. 
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Get very high efficiency (> 95%) with Rejection factor > 200 
à Needs energy res 5-10 % and timing < 500 ps. 
 



 EMC based track seeding 
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500 – 1695 ns window 

± 50 ns around conversion electron 

25	

The speed and efficiency of tracker reconstruction is improved by selecting 
tracker hits compatible with the time ( |ΔT| < 50 ns ) and azimuthal angle of 
calorimeter clusters  à simplification/improvement of pattern recognition. 



The Mu2e Calorimeter consists of two disks 
with 674 un-doped CsI  34x34x200 mm3 
square crystals: 
 
•  Each crystal is readout by two large area 

UV extended Mu2e SiPM’s (14x20 mm2) 
•  Analog FEE is on the SiPM and digital 

electronics is located in near-by electronics 
crates. Waveform analysis for pileup. 

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

Mu2e Calorimeter Design 
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High efficiency for 105 MeV electrons and: 
  à Provide energy resolution σE/E of O(5 %)  
  à Provide timing resolution σ(t) < 500 ps 
  à Provide position resolution < 1 cm 
 
 
 
 
 



Crystal Choice 
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CsI(pure) 
§  Not too radiation  
    hard 
§  Slightly hygroscopic 
§  15-20 ns emission time 
§  Emits  @ 320 nm. 
§  Comparable LY of fast 
    component of BaF2. 
§   Cheap (6-8 $/cc) 

Barium Fluoride 
 (BaF2) 
§  Radiation hard, not hygroscopic 
§  very fast (220 nm) scintillating light 
§  Larger slow component at 300 nm. 

should be  suppress for high rate 
capability 

§  Photo-sensor should have extended 
UV sensitivity and be “solar”-blind 

§  Medium cost 10$/cc 

LYSO 
§  Radiation hard, 
   not hygroscopic 
§  Excellent LY 
§  Tau = 40ns 
§  Emits @ 420 nm, 
§  Easy to match to 

APD. 
§  High cost  > 40$/cc 

CDR	

BASELINE-
TDR	

LYSO BaF2 CsI 
Radiation Length X0 [cm] 1.14 2.03 1.86 
Light Yield [% NaI(Tl)] 75 4/36 3.6 
Decay Time[ns] 40 0.9/650 20 
Photosensor APD R&D APD SiPM 
Wavelength [nm] 402 220/300 310 

27	



Radiation hardness: dose & neutrons 
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§  CsI	crystals	rad-hard	for	expected	dose	in	Mu2e-I		
§  No	recovery	azer	annealing	
§  RadiaOon	Induce	Noise	(phosporescence)	is	larger	for	ionizing	dose	than	for	neutrons	

RIN by Vendors & Correlation Between Currents

6/19/2017Ren-Yuan Zhu @ Calorimeter CRR for CsI and SiPMs23

Rank of RIN: SG, SIC, AMCRYS; Highly correlated currents

CsI Light Output 

6/19/2017Ren-Yuan Zhu @ Calorimeter CRR for CsI and SiPMs9

Most CsI with LO > 100 p.e./MeV after 100 krad
All satisfy radiation spec, except S-G 45 failed 10k 



UV extended SiPM 
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Imaging with SiPMs in noble-gas detectors: 
arXiv 1210.4746

The PDE of UV-enhanced MPPC  is higher below 350 nm 

à  30-40% @ 310 nm (CsI pure wavelength) 
à  New silicon resin window
à  TSV readout, Gain  = 106

Hamamatsu	
SPL	

FBK	

Slow Component Peaked at 450 nm

Using a commercially 
available band pass 
filter FGUV11 (275 –
375 nm) to suppress 

slow component

6/14/16Ren-Yuan Zhu | CD3c EMC breakout session: Crystals50
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Mu2e custom silicon photosensors:  
à 2 arrays of 3 6 x 6 mm2  UV-extended SiPMs for a total active area (12x18) mm2   
 
The series configuration reduces the overall capacity and allows to generate narrower signals 
	

~ 150 
V

i1≈ i2 ≈ i3
Ctot ≈ C1/3

6x6 
mm2

K1

A1

A1-1

A1-2

Single	cell	of		
6	x	6	mm2	

Series	of		
3	cells	

	

Mu2e custom SiPMs design 

Mu2e Photosensor will be a custom SiPM [2/2] 

25 July 20176 DOE Review: Photosensors

Reminder: We use a parallel arrangement of two groups of three cells 
biased in series (Doc-DB 7051).

⇒ If the current is at the same level for the 
SiPMs in the array, their over-voltages are 
automatically adjusted to be the same.
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ISTITUTO NAZIONALE DI FISICA NUCLEARE
Laboratori Nazionali di Frascati

Via E. Fermi, 40 - Frascati ( Roma)

DESIGNER

ENGINEER

APPROVAL

Date Material Weight

Scale

GENERAL TOLERANCES UNI  EN 22768/1-MEDIUM

QUANTITY NOTE

A3

Mu2e Experiment
Calorimeter

 
SIPM_ 3x2

Ivano Sarra

21/01/2016  N/A

5:1

   

   

   

Mu2e 13 00 00 - 01

Total Q.ty

 

NEXT ASSY DWG

   

1 
Sheet

Alessandro Saputi

Alessandro Saputi

Allowable thickness range: from 1,5 mm to 3 mm (step 0,1 mm)
Thickness tolerance: +0 mm / -0.1 mm
Max thermal resistance R=0.0007 m̂ 2 K/W

86

6

19,4 -0,1
0+

0,5 0,5

0,2 6 6 0,2

0,2

1,6

6

0,2

2,54 2,54 2,54

14 -0,1
0+

CRONOLOGIA REVISIONI
ZONA REV DESCRIZIONE DATA APPROVATO

 1  27/04/2016  
 2 tolerances 07/02/2017  
 3 flatness 09/05/2017  

5,08

P0,46n. 8 pins - 

2

2,5Ø

Glue or soldering

E 0,1

A1 K1 K2 A2

A1-1 A1-2 A2-1 A2-2

~ 50 V

i1 i2 ≈ i1 i3 ≈ i1

i1+i2+i3 ≈ 3*i1
Ctot ≈ 3*C1
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i1≈ i2 ≈ i3
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6x6 mm2
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A1-1
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ü  1 sample/vendor have been exposed to neutron flux up to  8.5×1011 n1MeVeq/cm2 (@ 20 °C) 

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

]2/cm
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•  MTTF evaluated operating SiPMs @ 
65 C 

•  No dead channels observed  
MTTF ≥ 106 hours 

In Mu2e SiPMs will operate @ 0 °C 
 
à  a decrease of 10 ˚C in SiPMs temperature 

corresponds to a Id decrease of 50% 
à  Lower Vop also helps to decrease Id 

   Thumb Rule: -1 V, 10% loss, -2V 40% loss 

MTTF		

Neutron	test	

Hamamatsu
SenSl 
AdvanSiD

Irradiation and MTTF of SiPMs 
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Simulation of CsI+SiPM performance
Simulation includes full background 
and digitization and cluster-finding, 
with split-off and pileup recovery

Energy resolution

Dependence on LRU
and photostatistics

Specification is LRU<5%

Nominal photoelectron
yield is 30 pe/MeV,
Dropping to 20 pe/MeV
after irradiation

7/25/17David Hitlin | DOE Review, Calorimeter crystals7

Simulation of CsI+SiPM performance
Simulation includes full background 
and digitization and cluster-finding, 
with split-off and pileup recovery

Energy resolution

Dependence on LRU
and photostatistics

Specification is LRU<5%

Nominal photoelectron
yield is 30 pe/MeV,
Dropping to 20 pe/MeV
after irradiation

7/25/17David Hitlin | DOE Review, Calorimeter crystals7

Simulated performances 
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•  Small prototype tested @ BTF (Frascati) in April 2015, 80-120 MeV e- 

•  3×3 array of 30×30×200 mm2 undoped CsI crystals coupled to one 
Hamamatsu SiPM array (12x12) mm2 with Silicon optical grease 

•  DAQ readout: 250 Msps CAEN V1720 WF Digitizer 
JINST	12	(2017)	P05007	

FOTO	matrice	
Good	Data-MC	comparison	

Mu2e small size prototype  
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Significant	leakage	contribuOon	due	to	the	matrix	dimensions	

σT	~	110	ps	at	100	MeV	σE	~	6.5%	at	100	MeV	

Mu2e small size prototype 



        Module-0 prototype 
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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

Large size prototype of 
the disk  assembled April 2017 
§  51 crystals, 102 sensors, 
§  102 FEE chips 
§  Cooling lines and readout. 

3/29-30/2017Fabio Happacher | MDR  Review12

Assembly of back disk in 
ZEDEX on Al support disk  
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3/29-30/2017Fabio Happacher | MDR  Review14

3/29-30/2017Fabio Happacher | MDR  Review14

 Module-0: test beam results 
-  Tested	at	BTF	@	50	Hz	
-  No	op1cal	grease	
-  Final	shapes	and	
							components		
-					Running	at	20	°C	
-  Now	working	under	
						vacuum	and	0	°C	
-  New	sets	of	test	planned	
	w		neutrons,	high	rate	beams	

O	(90	ps)	@	100	MeV	

5.5%	@	100	MeV	

Working	on	data	at	50	degrees	angle	to	simulate	Conversion	Electrons	

-  30	pe/MeV	
-  No	corr	for	BTF	spread	
-  Large	unexpected	noise	
-  As	good	as	LYSO	at	BTF	



Conclusions 
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q  	Albeit	at	low	energy		(	<	GeV)		tracking	systems	ARE	fundamentally		more	precise		
						than	a	calorimeter	YET	there		are	many	reasons	to	built	calorimeters:	
					à	(obvious)	Photon	reconstrucOon		
					à	Fast	triggering	&	ParOcle	IdenOficaOon	
					à	Resolving	pileup	in	high	intensity		
				
q  Nowadays	highest	precision	in	HEP	calorimeter	at	low	energies	comes	from	liquid	Xe	

(Ar,	Kp)		thanks	to	their	homogeneity	and		high	scinOllaOng	properOes.	They	can	be	
extremely	fast.		

q  	Crystal	calorimetry	is	“reborn”	at	low	energies	(also	in	presence	of		
						large	B-fields)		thanks	to		the	great	improvement	on	the	photosensor	side.			
																																												
à  large	area	SiPMs	are	now	almost	similar	to	PMTs	(size,	cost,	..	noise).	
à SiPMs	are	also	improving	their	PDE	in	the	UV	regions.	
	
They	are	ge(ng	beVer	and	beVer	as	noise	term	and	as	rad-hard	resistance	
are	concerned	!	thus	opening	the	road	to	work	at	really	high	intensity		
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KLONE = KLOe NEutron detection 
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Fig. 6. Dependence of ϵcalo on the trigger threshold (run at En ∼21 MeV
and En ∼46 MeV). The horizontal scale is in MeV set for electron response.

that the measured calorimeter efficiency is sizeably enhanced
with respect to the expected 8−10% based on the amount of
scintillator only.

IV. MONTE CARLO SIMULATION AND COMPARISON WITH
DATA

The Monte Carlo code FLUKA [11], [12] has been used
for a detailed simulation of the calorimeter structure. The
TSL experimental beam-line, from the neutron source to the
collimated beam, has been also simulated, in order to have a
reliable characterization of the neutron beam impinging on the
detector (see Fig. 7). Using the tool “LATTICE” the whole
calorimeter module has been designed. All the compounds
have been carefully simulated: for the fibers, an average
density between cladding and core has been used, for the glue
we have taken into account the right fraction of epoxy resin
and hardener. FLUKA computes the energy deposits in the
scintillating fibers, taking into account the signal saturation
due to the Birks law. For each energy deposit, the average
number of photoelectrons is estimated and then attenuated to
the calorimeter ends with the proper attenuation length. The
photoelectron statistics and the generation of the discriminated
signal are also simulated, while the trigger effect has not yet
been included.
The primary reason for the observed efficiency enhancement

appears to be the huge inelastic production of neutrons on
the lead planes. For neutrons in the high energy peak (175
MeV), the probability to have an inelastic interaction is 31.4 %
on the lead, compared to 7.0 % on the fiber and 2.2 % on
the glue. The secondary particles generated in such inelastic
interactions are on average 5.4 per event, counting only the
secondary neutrons above 19.6 MeV. Among the produced
secondaries, 62 % are neutrons, 27 % photons, 7 % protons
while the remaining 4 % are nuclear fragments. Typical
inelastic reactions on lead are:

Fig. 7. Neutron energy spectra as computed with the FLUKA simulation.
From the top: at the source, at the collimator exit and on the calorimeter
entrance.

- n Pb → xn + yγ + Pb,
- n Pb → xn + yγ + p + residual nucleus,
- n Pb → xn + yγ + 2p + residual nucleus.
Low-energy neutrons (below 19.6 MeV) are transported in
FLUKA with a multi-group algorithm, that uses a neutron
cross-section library derived from the most recently evaluated
data. These secondary neutrons give also a sizeable contribu-
tion to the response: due to the larger inelastic cross section the
neutron shower-like effect increases and originates on average
about 100 secondaries per event, out of which ∼ 5 protons and
∼ 1 photon directly contribute in generating a visible response.
The high sampling frequency of the calorimeter appears to

be a crucial point in the efficiency enhancement. First of all,
the protons and the electromagnetic energy produced on lead
in the inelastic processes can be detected by the nearby fibers
down to very low energies. Moreover, secondary neutrons are
produced on following lead planes with decreasing energies,
thus having larger probabilities to produce ionizing particles on
the nearby fibers. The isotropic distributions, which character-
ize the inelastic processes, also play a role: the back scattered
neutrons contribute to increase the collision density in the first
calorimeter planes, so containing the neutron shower depth.
A good agreement between data and simulation is observed

when taking into account also the halo contribution as shown
in Fig. 3 for the TOF and in Fig. 8 for the collected charge.
In Fig. 9 we show the dependence of ϵcalo as a function

of the trigger threshold compared to the FLUKA simulation
after correctingRDAQ for the halo contribution estimated with
the TOF. The comparison is done for the run at 174 MeV. A
pretty good data/simulation agreement is observed. Compari-
son between data and Monte Carlo for the low energy run is
in progress.

§  DetecOon	of	n	of	few	to	few	hundreds	MeV	is	tradiOonally	performed	with	organic	scin1llators	
(el.scafering	of	n	on	H	atoms	produces	protons	detected	by	the	scinOllator)	⇒		efficiency	or	O(	1%/cm)	
§  High-Z	material	improves	neutron	efficiency		[NIM	A297	(1990),	NIM	A338	(1994)	NIM	B192	(2002)]	
§  A	KLOE	Calo	Small	Size	prototype	tested	at		“The	Svedberg				Laboratory”	(TSL)	of	Uppsala	(October	

2006	and	June	2007)	with		22,	46	and	174	MeV	neutron	beam.	
§  IMPROVED	EFFICIENCY	(	x	4	)	with	respect	to	an	equivalent	“thickness”	of	scin1llator	slab.	
§  Full	FLUKA	simulaOon	performed:	
						à	suggest	huge	inelasOc	producOon	of	secondary	neutrons	at	lower	energy	in	the	lead	
						à	they	are	accompanied	by	em	fracOon	and	protons.	Then	producing	signals	on	scinOllaOon	side	

n 

Z(cm) 

p 

n1 

n2 

n3 

n4 

X
(c

m
) 
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•  24 crystals from three different vendors: SICCAS, Amcrys, Saint Gobain 
•  Optical properties tested with 511 keV γ’s along the crystal axis 
•  Crystals wrapped with 150 µm of Tyvek and coupled to an UV-extended PMT  

Energy	resolu1on	

Light	Yield		 Longitudinal	Resp.	Uniformity	

Q(200	ns)/Q(3000	ns)	

RMS/MEAN	of	Light	
Output	values	
along	axis	

Fast/Total	

	Un-doped	CsI	crystals	perform	well	
	
q  Excellent	LRU	and	LY:	
					-100	pe/MeV	with	PMT	readout	
					-	LRU	<	5%	
	
q  τ	of	30	ns	with	small	slow	
							component		

		
q  Radia1on	hardness	OK		for	Mu2e	
						Smaller	than	40%	LY	loss		
					@	100	krad	
	
q  Small	RadiaOon	Induced	Noise		
							(Phosphorescence)	

Crystals pre-production  



EXO: Liquid Xe, Ionization & Scintillation 
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EXO: Liquid Xe, Ionization & Scintillation 
•  Ngamma	=	E_deposited/Wph	
•  Wph	=	W	/(1	+	NexcitaOon/Nionizing)	
•  W	is	average	energy	for	e-ion	pair	producOon	,	Nexciton	and	NionizaOon		



Liquid Xenon LY, Tau 
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Table 2
(a) Decay times for fast (!

!
) and the slow (!

"
) components of scintillation light from liquid Ar, Kr and Xe excited by 1 MeV electrons. !

#
,

the recombination time, and the intensity ratios I
!
/I

"
of fast component to the slow components are also shown. All decay times are in ns

(b) Decay times for fast (!
!
) and the slow (!

"
) component of scintillation light from liquid Ar, and Xe excited by "-particles. The intensity

ratios I
!
/I

"
of the fast component to the slow component are also shown. All decay times are in ns

(a) Liquid Ar Liquid Kr Liquid Xe

!
!

6.3$0.2! ns 2.0$0.2! ns
(5.0$0.2 ns (2.1$0.3 ns (2.2$0.3 ns
for E"6 kV/cm)" for E"4 kV/cm)" for E"4 kV/cm)"
6$2"

!
"

1020$60!, 1590$100" ns 91$2" ns 34$2" ns
(860$30 ns (80$3 ns (27$1 ns
for E"6 kV/cm)" for E"4 kV/cm)" for E"4 kV/cm)"

!
#

(1 ns 45! ns
I
!
/I

"
0.083" 0.01" 0.05
(0.045 for E"6 kV/cm)" 0.3! (0.02 for E"4 kV/cm)" for E"4 kV/cm)"

(b) Liquid Ar Liquid Xe

!
!

7.7$1.0! ns 4.3$0.6! ns
&5" ns 3# ns

!
"

1660$100! ns 22$1.5! ns
1200$100" ns 22! ns

I
!
/I

"
1.3! 0.45$0.07!

1.5! ns

!Ref. [44]; "Ref. [45].
!Ref. [44]; "Ref. [47]; #Ref. [48].

Fig. 4. The luminescence spectra of liquid and solid argon
doped with various concentration of xenon.

Fig. 5. The black reflector with irregular surface.

The present status of development of homogene-
ous scintillation shower calorimeters will be de-
scribed in the next section.

3.1. For "-particles

In the initial development phase of liquid rare
gas detectors, "-particles have been used for the

68 T. Doke, K. Masuda/Nucl. Instr. and Meth. in Phys. Res. A 420 (1999) 62—80



Liquid Xenon LY 
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Table 1
Measurements and estimates of the average energy needed to produce a scintillation photon, ¼

!"
(eV) in liquid Xe

Liquid rare gas Relativistic electrons !-particles Relativistic heavy
particles (¼!

!"
(eV))

Ar 25.1$2.5 27.5$2.8 19.5$2.0
Xe 23.7$2.4 19.6$2.0 14.7$1.5

((35)# (16.3$0.3)$
(67$22)% (39.2)&
(29.6$1.8)'
(14.2)(, (12.5,12.3))
(42$0.6)"

NaI(Tl) (17.2$0.4, 16.5$0.4)*

#Ref. [27]; $Ref. [28]; %Ref. [29]; &Ref. [30]; 'Ref. [31]; (Ref. [32]; )Ref. [33]; "Ref. [34]; *Refs. [35,36].

expressed by a reciprocal of the average energy
required for production of one photon by ionizing
radiation, 1/¼!

!"
, at the flat-top of the LET depend-

ency of scintillation yield of liquid Ar or Xe
[22,23,25]. Using these results, they also estimated
¼

!"
-values in liquid Ar and Xe for relativistic elec-

trons and !-particles [4,23,25]. Recently, Doke and
Masuda evaluated ¼

!"
-values in liquid Ar and Xe

for relativistic electrons, "-particles, and relativistic
heavy particles using the relations between ioniz-
ation and scintillation measured at the same time
and estimated the maximum possible errors [26].
The results mentioned above are listed in Table 1
together with other values experimentally obtained.
In this table, ¼!

!"
corresponds to the “intrinsic”

¼
!"

-value when neither quenching nor “escape
electrons” occur. The ¼!

!"
value is given by the

Eq. (1),

¼!
!"

"¼/(1#N
'+

/N
*
), (1)

where ¼ is the average energy required for produc-
tion of an electron—ion pair, and N

'+
and N

*
are,

respectively, the number of excited atoms and the
number of ion pairs produced by the ionizing radi-
ation. These “intrinsic” ¼

!"
-values are applicable

only to relativistic heavy ions from Ne to La. The
values in parenthesis are those experimentally ob-
tained by other groups [27—34]. The errors shown
for our values in the table are not the maximum
possible errors as estimated in Ref. [26], but rea-
sonable estimates. For the other experimental
values, the errors are given by the authors. The
¼

!"
-values in NaI(Tl) for relativistic electrons re-

cently measured by Miyajima et al. are shown in
the table as Refs. [35,36]. For particles other than
relativistic heavy ions mentioned above, the ¼

!"
-

value is affected by “escape electrons” and/or
quenching processes. Accordingly, ¼

!"
"14.2 eV

(or 12.5 and 12.3 eV) obtained for 100 keV electron
beam in liquid Xe by Seguinot et al. [32,33] should
not be compared with ¼!

!"
"14.7 eV estimated by

the Waseda and LBL group, but with ¼
!"

"24 eV
estimated for 1 MeV electrons which takes the
effect of “escape electrons” into consideration
[22,26]. If the value of 14.2 eV does not include any
experimental error, it means that perfect recombi-
nation immediately occurs along the particle track
as in the case of relativistic heavy ions. From the
intensity and energy of the electron beam used in
the experiment, it can be excluded that complete
recombination immediately occurs under zero elec-
tric field. Seguinot et al. also observed the ¼-value
of 9.76 eV in liquid Xe using the same method
[32,33]. This value is also very small compared to
the usual value (15.6 eV [37]) and is comparable to
the band-gap energy (about 9.2 eV [38,39]) in
liquid Xe. Theoretically, the ratio of the ¼-value
and the gap energy should be larger than 1.5 be-
cause the ¼-value includes the energy losses due to
sub-excitation electrons and also the collisions be-
tween electrons and the crystal lattice [37]. The
ratio of 9.7 eV/15.6 eV is almost equal to that of
14.2 eV/24 eV. If the estimation of the energy de-
position in the detection part of the experiment of
Seguinot et al. is smaller than the actual one, it is
easily explained why both these small values were

64 T. Doke, K. Masuda/Nucl. Instr. and Meth. in Phys. Res. A 420 (1999) 62—80
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10th March 2015 Stefano Roberto Soleti

Gianantonio Pezzullo
INFN and University of Pisa

1

Progress status for the Mu2e 
Calorimeter system

on behalf of the Mu2e calorimeter group
CALOR 2014 - Giessen - 10 April 2014G. Pezzullo (INFN and U. of Pisa) /14

Energy resolution
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Data

Montecarlo

• Energy spectrum simulated with GEANT4 and measured with different beam energies (61.3 MeV, 92.5 MeV, 125.3 
MeV, 155.7 MeV, 187.1 MeV).


• Energy spectra fitted with lognormal distribution.

The simulated spectrum is compatible with the experimental 
one with an additional constant Gaussian smearing of 2.8%, 
due to:


• non-linearity effects;

• leakage;

• crystals non-uniformity.

Ebeam = 92.5 MeV

Energy resolution as a function of the energy deposition fitted 
with the function:

�E

E
=

ap
E

� b

E
� c

Noise term b considered negligible (~0.1% in quadrature).
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Progress status for the Mu2e 
Calorimeter system

on behalf of the Mu2e calorimeter group
CALOR 2014 - Giessen - 10 April 2014G. Pezzullo (INFN and U. of Pisa) /14

Time resolution

14

�t =

P25
i=1 tiEiP25
i=1 Ei

� tf1 + tf2
2

,

Fingers technique

where:

• ti is the peak time of the Landau fit for each i cell;

• Ei is the deposited energy in the i cell;

• tf1 and tf2 are the peak times of the Lognormal fit for the 

two fingers.

In situ technique
Beam fired between two crystalsBeam fired to the center of matrix

�t = t1 � t2

where:

• t1 and t2 are the peak times of the Landau fit for the two 

cells;
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*Time resolution with MIPs from Mu2e DocDB 4409

*

σT	=	51	ps/sqrt(E/GeV)	
compare	with	KLOE		
~	55	ps/sqrt(E/GeV)	

e-	beam	@	
BTF	FrascaO	

Photon	beam	@	
MAMI	-	MAINZ	

~	4%	@	100	MeV	

Mu2e!

LYSO(2) R&D and matrix prototype!
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