
The μ+ -› e+ γ search at the intensity frontiers: A general introduction

Angela Papa

HiMB Physics Case workshop

April 6-9, 2021



Outline

2

• Signal and backgrounds


• Experimental approaches 


• Experimental sensitivity and background rejection


• Experimental sensitivity as a function of the beam rate for few experimental approaches 


• Future calorimeter developments [This talk]


• Tracking techniques [F. Renga, A. Schoening]


• MEG with conversion target [W. Ootani]



Introduction: The μ→ eγ search
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• Historical plot and current sensitivity

Cosmic Rays

Pion beams

Muon beams

µ ! e�

µN ! eN 0

Current upper limit Future sensitivity

µ ! eee
4.2 x 10-13 ~ 6 x 10-14

1.0 x 10-12 ~1.0 x 10-16

7.0 x 10-13 < 10-16

 Beam rate [mu/s]                        3 107             7 107



Signal and backgrounds
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• Positive muons from a continuous beam are usually stopped in a (thin) target to fully exploit the clear signature of a decay at rest


• Five observables (Eγ, Ee, 𝜟teγ, 𝜃eγ, 𝜑eγ) to identify a μ→ eγ event and reject background events


• Precise expectation for a signal event, poor correlated for RMD events, not correlated for Accidental events

�
µ+e+

�
µ+e+

�

�

�

µ+e+

�

�

(RMD, AIF and 
Breamstrahlung)

Signal Backgrounds
RMD Accidental

Eγ, Ee, 𝜃eγ, 𝜑eγ,                𝜟teγ

E γ~ Ee ~ mμ/2 

𝜟teγ ~ 0

𝜟𝛩eγ ~ 𝝿 



Experimental approach
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Experimental approach
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(Efficiency vs 
momentum 
resolution)

Tracker

Fast scintillators

(Calorimeter & 

plastic scintillator 
based detectors)

Tracker & Target

(Vertex detector

Active target…)



Experimental approach. One example for all: The MEG II experiment
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Experimental sensitivity and background rejection
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• More sensitive to the signal...

SES = 
1 

R x T x Aγ x ε(e+) x ε (γ) x ε(TRG) x ε(sel)

Beam rate

Acquisitio
n tim

e

Geometrical 

acceptance Detector 

efficiency Selection 

efficiency

• More effective on rejecting the background...

Bacc ~ R x ΔEe x (ΔEγ)2 x  ΔTeγ   x (Δ𝛩eγ)2

BRMD ~  (ΔEe)l  x (ΔEγ)m x (Δ𝛩eγ)n   with l+m+n = 6 

Dominant



Experimental sensitivity as a function of beam rate 

for few experimental approaches

Sensitivity [a.u.]

Beam Rate [a.u.]
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Nacc ~ 0 

Ses ~ 1/ Rε Nacc >> 1 


Ses ~ S/√B𝜺 ~ 
√(𝜺/ΔEe…)

Efficiency 
dominated vs 
background 
dominated 

regime

1

Calorimeter (high 
efficiency) favorite option 

as long as Nacc ~ 0 
(reduced beam rate) 

2

Conversion (high resolution) 
favorite option at high rate to 

keep Nacc ~ 0

3
Photon conversion

Calorimeter

Improved calorimeter



Experimental approached as a function of the beam rate
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Beam Rate [a.u.]
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Experimental approached as a function of the beam rate
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Beam Rate [a.u.]
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Experimental approached as a function of the beam rate

12
Beam Rate [a.u.]

Improved 
calorimeter


Increased angular 
acceptance

Calorimeter

Is a calorimeter still an option for the 
incoming increased beam rate?



Stat-of-Art: The MEGII LXe calorimeter

Liq. Xe

H.V.

Vacuum
for thermal insulation

Al Honeycomb
window

PMT

Refrigerator

Cooling pipe

Signals

fillerPlastic

1.5m

MEG MEGII

u [mm] 5 2.4
v [mm] 5 2.2
w [mm] 6 3.1

E [w<2cm] 2.4% 1.1%
E [w>2cm]
(w<2cm)m) 1.7% 1.0%

t [ps] 67 60
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• Measures Eγ tγ Xγ 

• 900 liters of LXe - Scintillation light only 

• Δ𝜴/4𝝅 ~ 10% 

• MEGII upgrade: 216 PMT —> 4096 SiPM on the entrance face


• Increased granularity and uniformity (pile-up rejection)

2” PMT 12 x 12 mm2 SiPM



Future developments: Large LaBr3(:Ce) and LYSO crystals
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• LaBr3(:Ce): Ideal medium due to ultra high light yield LY (1.65 x LY(NaI)), ultra-fast response, high density (relative compact 
size) 


• LYSO: Very attractive medium (excellent alternative to LaBr3(:Ce)). The very-high density and the fast response compensate 
for the reduced LY (0.70 x LY(NaI))


• Comparison with other scintillators via the figure of merite F.o.M. = 

Scintillator Density 𝝆 [g/cm3] Light Yield LY [ph/keV] Decay time 𝝉 [ns] F.o.M. √ (𝛒 x LY / 𝛕)

LaBr3(:Ce) 5.08 63 16 4.55

LYSO 7.1 27 41 2.17

YAP 5.35 22 26 2.13

LXe 2.89 40 45 1.61

NaI(Tl) 3.67 38 250 0.75

BGO 7.13 9 300 0.46

p
(
⇢ · LY

⌧
)



A LaBr3(Ce)/LYSO large prototype 
The first large crystal assembly with a MPPC/SiPM (&) double readout scheme:

• Maximal photosensor coverage area 

• High granularity and uniformity - detector segmentation

• High rate sustainability

• Optimum energy, timing and position resolutions: 5D kinematical variable reconstruction

• Insensitive to magnetic field


• LaBr3(:Ce) 4.45 (R) x 20.32 (L) cm or LYSO 3.5 (R) x 16 (L) cm 

• Photosensors: Hamamatsu 240/152; sensL 336/214

FR4 PCB 
feedthroughs 
equipped with MCX 
connectors

Front 
face 
Readout

200 um thick 
carbon fiber

Back 
face 
Readout

1.5 mm thick Al2O3 
PCB where the 
MPPC/SiPM are 
soldered

2.5 mm  thick 
quartz window

LaBr3(:Ce) / LYSO 
crystal

MPPC/SiPM 
custom array

Very thin entrance 
window: ~ 0.03  X0

(All materials 
before reaching the 
active  detector)

Flex-print cables to 
connect the MPPC 
board to the 
feedthroughs
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A LaBr3(Ce)/LYSO large prototype: Some features

LaBr3(Ce): (R,L ) = 4.45 x 20.32 cm - E𝜸= 55 MeV LYSO: (R,L) = (3.5 x 16) cm - E𝜸= 55 MeV

𝞂E/E [%]= 
2.2 ⇒ ~1.0 

𝞂E/E [%]= 
1.5 ⇒ ~0.7 

LaBr3(Ce)

LYSO

 E𝜸= 55 MeV
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Double Readout SiPM optimisation Crystal size



Ultimate performances
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LYSO LaBr3(Ce)

@55 MeV: 

Eγ  < 1% tγ  ~ O(30-40)ps  Xγ ~ O(3-5) mm  εdet > 75%  εsel ~ 75% 



Projections

Calorimetry(“MEG” approach): 

Eγ : 0.8%  
tγ  = 30 ps   
Xγ ~ O(3-5) mm   
εdet : 60%   

Acceptance :  70% 
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• Based on the current technology development the calorimetry is still an option for beam rate not higher than 5 108 mu/s



Back-up



The Photosensors

• The high LY and the short radiation length X0 point towards relative small pixel size (< 50 um) 


• Trade-off between DAQ channels and granularity: sensor size


• Two candidates: Hamamatsu S13360-6025 and SensL MicroFJ-60035TSV; active area 6 x 
6 mm2, pixel size respectively 25 um and 35 um

Package 
[mm2]

 Active area

[mm2] No. Of pixels  Fill factor 

[%]
PDE 

[%] PCB cov.[%] F.o.M*

Hamamatsu 7.35 x 6.85 6.0 x 6.0 57600 47 20-25 69 8.9

sensL 6.13 x 6.13 6.07 x 6.07 22292 75 40-50 91 9.1

(*) F.o.M. = 

No pixel x PDE x  PCB cov. / 1000  

Hamamatsu S13360-6025PE SensL MicroFJ-60035TSV

LaBr3(Ce) emission spectrum LYSO emission spectrum
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Shower inside the crystal
• LaBr3(Ce); crystal size (R,L) = (4.45, 20.32) cm; 55 MeV gamma with different impinging conditions
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Shower inside the crystal
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• LYSO; crystal size (R,L) = (3.5, 16) cm; 55 MeV gamma with different impinging conditions



Extended source: Geometrical cut
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• Two type of events: inner and border line events - 
simplified view


• Detector performances spoiled by border line events

• High segmented photosensor coverage: A powerful 

tool for geometrical cut 

• Optimal trade-off between kinematical variable 

resolutions and event selection efficiency   

• Valid in view of a segmented/multi-element 

scalable big calorimeter for increasing the 
detector uniformity - i.e. parallelepiped elements


• Two methods:

• Reconstructed radius cut

• Skewness cut

• Both compared to the simulated radius cut


• Effective kinematical variable resolutions



Extended source: Geometrical cut
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• Large crystal case

• Crystal: LYSO with size (R,L) = (7.5, 16) cm

• Photosensor: Hamamatsu S13360-6025PE

• Radiation: 55 MeV gammas


• √ (x2 + y2) < 65 mm

• Radial Skewness (F,B) > -0.6


• 𝞂N/N [%] = 0.9 ⇒ 0.7, (reconstructed radius cut)


• 𝞂N/N [%] = 0.9 ⇒ 0.7, (skewness cut)


• 𝞂N/N [%] = 0.9 ⇒ 0.7 (simulated radius cut)


• For all cases: 𝜺sel  > 75%


