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Identification of requirements  for the LEMMOND

“Low Energy Neutrinos from Stored Muons and Monitored beam Detector”

LEMMOND will be a cylindrical, water Cherenkov detector 

• the optical elements cover the detector surface 

• the detector’s symmetry axis coincides with the ν-beam axis

• exploits photodector-technologies with spatial and precise (ps?) timing capabilities

• Low Energy nuStored Muons ring (LEnuSTORM)

• Low Energy Monitored Beam (LEMNB)

This study is based on the detection of leptons produced from the ν CC Quasi elastic 

interactions and identifies  requirements concerning:
• the size of the detector given the neutrino fluxes (and assuming a 100% efficient detector)

• the track reconstruction of the charged leptons (requirements on timing and spatial resolution)

• the particle identification of charged leptons (ν flavor)

• the momentum estimation of the charged leptons

the final required detector size (taking into account the neutrino fluxes and the reconstruction 

efficiency/resolution)

the momentum estimation of the parent neutrino (given the reconstructed  lepton tracks)

the neutrino and anti-neutrino identification (Gd studies)



Determining the dimensions of the detector: 

Simulated muon decays as coming from the LEnuSTORM or pion decays coming from the 

LEMNB are used to determine how the neutrino/antineutrino fluxes are reduced with the distance 

from the beam axis and estimate the number of neutrino interactions in LEMMOND. 

Specifically: 

• the muons and the electrons from the muon (anti)neutrino and electron (anti)neutrino fluxes 

can be traced in the detector volume. In lack of detailed Monte Carlo interactions) the 

(anti)neutrino direction and energy are used to determine whether the charged lepton will be 

detected if  an interaction took place ( a threshold of ~11 MeV for electron (anti)neutrinos and 

~218 MeV for muon (anti)neutrinos are used). 

• for the determination of the number of events observed (assuming 100% detector efficiency)  

the (anti)neutrino cross sections are used as per Genie weighted by the track length of the 

neutrino inside the water effective volume.  

• the optimal dimensions for a given volume of the detector are determined by changing the 

radius and length of the detector and computing the number of neutrino interactions. 

Obviously the optimal dimensions are the ones that allow for the detection of the maximum 

number of events.



LEnuSTORM facility: 600 MeV/c (but also many other energies – see later) positive muon 
decays (about 250,000 muons) along the 30m straight section of the racetrack have been 
simulated to determine the vertex and the 3-momentum parameters of each neutrino 
produced (muon antineutrinos and electron neutrinos). By charge conjugation  the same 
sample has been used to simulate muon neutrino and electron antineutrino beams. 

LEMNB facility: many (5.14x106 ) 1 GeV/c Monte Carlo generated positive pion decays along a 
40 m long monitored decay tunnel used to determine the track parameters of each neutrino 
produced. By charge conjugation the same sample has been used to simulate the muon 
antineutrino beam. 

Correlation of the ν momentum with the position entering the LEMMOND

LEnuSTORM (50m downstream)
LEMNB



LEnuSTORM
Expected number of interactions of muon and electron (anti)neutrinos 

in a detector volume of 100 or 200 m3

corresponds to the case of a similar to the near Cherenkov detector of the ESSnuSB complex (a 
cylinder roughly 5 m radius and 11 m long), if it were located 50 meters downstream of the 
LEnuSTORM. The last line  corresponds to a detector with a face of 6x6 m2. 



LEnuSTORM
Expected number of interactions of muon and electron (anti)neutrinos 

in a detector volume of 100 or 200 m3

600 MeV/c μ beam



LEnuSTORM
several μ momenta



LEnuSTORM
several μ momenta



LEnuSTORM
Expected number of interactions of muon and electron (anti)neutrinos 

in a detector volume 200 m3



LEMNB
Expected number of interactions of muon  (anti)neutrinos 

in a detector volume of 100 or 200 m3 

positioned at 25 or 50 m downstream of the end of the decay tunnel 

50 m downstream 

corresponds to the case of a similar to the near Cherenkov detector of the ESSnuSB complex (a cylinder roughly 5 m 

radius and 11 m long), if it were located 50 meters downstream of the decay tunnel. The last line  corresponds to a detector 

with a face of 6x6 m2. 



LEMNB
Expected number of interactions of muon  

(anti)neutrinos 



LEMMOND
ID and Track Reconstruction of Charged Leptons

A Simulation Study  Report



• GEANT simulation (all scattering and absorption effects) of tracks, 
Cherenkov radiation, light transmission and detector response

• Simulate the photodetector response (but ignore ambient light in the 
detector, electronic noise and threshold effects)

• The “data” sample comprises of simulated photodetector-signals produced 
by Cherenkov charged lepton tracks, which have been  generated with [θ=0ο

or θ=30ο and φ=0ο] initial direction, wrt to the detector frame

• Tracks are starting ~200 cm away from the Detector

• The detector is a 400 x 400 cm2 plane, comprising 6400 5x5 cm2 active 
photodetector elements 

a “toy” Detector Model



The Photodetector Response



Single pe

Fit the to the charge spectrum 

produced by  several hotoelectrons

Gaseous Photodetector Response

Gamma Distribution Function (Polya)

Where ത𝑄𝑒 is the mean and θ is a parameter which 

(together with ത𝑄𝑒 ) determines the RMS



R12199-02 PMT Response

The Hamamatsu 80mm diameter R12199-02 PMTs, proposed for KM3NeT, have been used for this work.





𝐹 𝑄; 𝜇, 𝜃, ത𝑄𝑒 = ෍

𝑁=1

∞
𝜇𝛮𝑒−𝜇

𝛮!
𝑃𝑁𝑝𝑒 𝑄; 𝑁, 𝜃, ത𝑄𝑒

In the case that  μ, per average, pes  are expected from the photocathode, then: 

This is the pd.f. used to simulate the detector signal and it is also used in a likelihood 

estimation of the track parameters (i.e. the lepton track that produced the observed 

signals).

𝑃 𝑁; 𝜇 =
𝜇𝛮𝑒−𝜇

𝛮!

The probability  that the detector responds to the N pes with a signal of charge Q is:    

Then the probability of observing a detector signal with charge Q, given μ, ത𝑄𝑒, and θ, is:







The Reconstruction Strategy



Use maximum likelihood estimation of the track parameters using information on: charge 

(number of pe s) and  arrival time – good results

1. Analytical calculation of the expected No of pe’s  and their arrival times on each 

photodetector (based on pre-calculated patterns)

2. Use MC-Integration for calculating  the expected No of pe’s and the arrival time on the  

photodetectors (based on pre-calculated patterns)

3. Very precise estimation of the expected No of pe’s   and their arrival times on each 

photodetector (based on detailed information for the Ch. Emission)

A first evaluation of reconstruction resolution

• Study the information carried by the timing

• Study the momentum estimation

• Study the e-μ identification
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𝑒𝑥𝑝 2

2𝜎𝑟𝑒𝑠
2

x is a vector of all the track parameters {tv ,xv, yv, zv, P, θt, φt}

j, i run through the detector elements (photodetectors)

qi is the charge of the ith photodetector’s signal

ti  is the arrival time of the ith photodetector’s signal

s is the length along the initial track direction

The track is assumed to be a straight line 
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True Vectors

Ptrue

Pinit,

PCh

S

The use of the angle between the true photon vector and the initial track direction as a 
“Cherenkov angle” brings bias: the azimuth angle and multiple scattering are correlated

True Photon Vector

Initial Muon Vector



g(p,s,cosθd)



R

R: radial distance of  a PAD w.r.t. the 
(initial) track impact

Consider a muon track, normal to the detector plane (xy), starting at z=-200 mm



R

GEANT –Tracks
Prediction

Analytical (and MC-Integration) Calculations
Based on Parameterized Patterns

𝜇𝜄 = න 𝑑𝑠 𝑔 𝑝, 𝑠, 𝑐𝑜𝑠𝜃 Ω(𝑠, Ԧ𝑟𝑖)



MC-Integration Calculations
Based on Detailed Ch Photon Emission Information

GEANT –Tracks
Prediction



RESULTS: 300MeV/c muons

Fit for θ-φ
Full detector coverage
θtrue=30o  and φtrue=0o





θestim. – θtrue (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

σθ = 0.79ο



φestim. – φtrue (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

σφ = 1.45ο



Angle Between Estimated and Real Track (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

Mean Angle: 0.84o 

Median Angle: 0.61o 



RESULTS: 300MeV/c muons

Fit for θ-φ
25% detector coverage
θtrue=30o  and φtrue=0o





θestim. – θtrue (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

σθ = 0.79ο



φestim. – φtrue (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

σφ = 1.45ο



Angle Between Estimated and Real Track (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 120 ps

Mean Angle: 0.87o 

Median Angle: 0.63o 



RESULTS: 300MeV/c muons

Fit for θ-Ζ
25% detector coverage
θtrue=30o  and φtrue=0o





θestim. – θtrue (Degrees)

Timing resolution: 1.5 ns

Timing resolution: 4.5 ns

Timing resolution: 120 ps

σθ = 0.68ο

δbias=0.3ο



Zestim. – Ztrue (cm)

Timing resolution: 1.5 ns

Timing resolution: 4.5 ns

Timing resolution: 120 ps

σΖ =0.6 cm
σΖ= 2.9 cm
σΖ= 3.0 cm



RESULTS: 105MeV/c electrons

Fit for θ-φ
25% detector coverage
θtrue=30o  and φtrue=0o





θestim. – θtrue (Degrees)



φestim. – φtrue (Degrees)



Angle Between Estimated and Real Track (Degrees)



Use the Cherenkov Light to Estimate the
Particle’s  Momentum





300 MeV/c muons

105 MeV/c electrons



25% Detector Coverage
0.25 Quantum Efficiency
Polya Distribution for the single-p.e. Charge 

Use the total collected charge (sum of all photodetector signals) as the estimator

Parameterize the mean and rms of the total Cherenkov Induced Charge (Q) as a function of 
the particle’ s momentum 

𝑄𝑚𝑒𝑎𝑛 𝑃 = 𝑎1 + 𝑎2𝑃 + 𝑎3𝑃2

𝑄𝑅𝑀𝑆 𝑃 = 𝑏1 + 𝑏2𝑃 + 𝑏3𝑃2

෡𝑷 =
𝒂𝟐 + 𝒂𝟐

𝟐 − 𝟒 𝒂𝟏 − 𝑸𝒐𝒃𝒔 𝒂𝟑

𝟏
𝟐

𝟐𝒂𝟑

𝜹෡𝑷 =
𝑸𝑹𝑴𝑺

෡𝑷

𝒂𝟐 + 𝒂𝟐
𝟐 − 𝟒 𝒂𝟏 − 𝑸𝒐𝒃𝒔 𝒂𝟑

𝟏
𝟐



Estimating the Muon’s Momentum
(muons treated as muons)



Estimating the Muon’s Momentum
(muons treated as muons)



Estimating the Muon’s Momentum
(muons treated as muons)



Estimating the Electron’s Momentum
(electrons treated as electrons)



Estimating the Electron’s Momentum
(electrons treated as electrons)



Estimating the Electron’s Momentum
(electrons treated as electrons)



Estimating the Muon’s Momentum
(muons treated as electrons)



300 MeV/c muons

105 MeV/c electrons

To distinguish between the electron and muon hypothesis
We should use the spatial and temporal distribution of the p.e.s in the detector



Muon vs Electron Hypothesies
300 MeV/c Muons Treated as 105 MeV/c Electrons

θestim. – θtrue (Degrees)

σθ = 0.79ο

φestim. – φtrue(Degrees)

σφ = 1.45ο

Angle Between Estimated 

and Real Track (Degrees)

Mean Angle: 0.87o 

Median Angle: 0.63o 

REMINDER: when 300 MeV/c muons are treated as muons (θ-φ fit)



when 300 MeV/c muons 
are treated as (105MeV/c) electrons  

(θ-φ fit)



-log-Likelihood: when μ’s are treated as e’s
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Difference of –log Likelihoods



Concluding Remarks (single track reconstruction)
• It seems that we do not need very precise timing information (?)
• Strong indication for a good resolution in reconstructing direction
• Strong indication for a good vertex estimation
• Strong indication for momentum estimation
• Strong indication for e-μ identification

We need:
All parameters simultaneous fit in realistic conditions
• Full detector simulation
• A practical reconstruction algorithm

• Use a different way to tabulate the Ch. Photon emission info (ANN?)
Repeat the “toy-model”  and full detector studies



Backup slices

















1.4-1.50.1-0.2 2.4-2.5





0.1-0.2 1.4-1.5 2.4-2.5





0.1-0.2
Exp: 0.21

1.4 -1.5
Exp: 2.03

2.4 -2.5
Exp: 3.43



3.9-4.0 3.9-4.03.9-4.0





LENMB
μ decays
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