
Older Measurements of muon-induced neutrons with LVD and LSD 

Two experiments performed at the end of 80’s (LSD) and the end of 90’s (LVD) involved similar liquid scintillator detectors at two different underground sites. LSD was located in the tunnel under Mont Blanc, whereas LVD has undergone upgrades over time and is still being operated at LNGS in Gran Sasso.   LSD used 72 scintillation counters in total, whereas the LVD measurement used the data from 304 counters. Only data from inner counters with smaller background rate were analysed in the search for muon-induced neutrons in both experiments. Each counter contained about 1.2 tonnes of liquid scintillator. Both experiments recorded pulses from neutron capture in delayed coincidences with muon triggers. Due to a much higher detection efficiency for neutrons in those counters which also contained a muon track or muon-induced cascade, only pulses detected in the same counter as the muon pulse were analysed. The energy threshold for neutron detection was set at about 0.5-1 MeV. Muon trigger conditions were different: LSD triggered directly on the liquid scintillator signal, requiring either a high energy deposition in one counter (greater than 25 MeV) or a time coincidence between at least two scintillators; LVD required a trigger from an independent tracking system as well.  Their tracking information came from a set of limited-streamer tubes positioned on one side and beneath each counter.
In both experiments the calibration of the detectors was done using neutron sources, with the neutron detection efficiency determined from comparing the resulting data to a simple Monte Carlo for these neutrons. A fit to the measured time delay distribution of neutron capture pulses with respect to the muon trigger consisted of a single exponential plus a flat background.  The background was estimated from a separate sample of delayed pulses in counters which were not intersected by muons. Note that this sample of pulses also included a small fraction of neutron captures, since neutrons can be detected at large distances from a muon track and hence in the counters without a muon. Note also that the time distribution of neutron captures can be fitted by a single exponential only if neutron production, moderation, and capture occur within the same material, assumed here to be scintillator. Later simulation work proved that this assumption was wrong; see section on new measurements with LVD.

The mean energy was calculated to be 270 GeV for LVD and 380 GeV for LSD. Later on more accurate calculations for the depth of LSD (about 5200 m w. e.) gave the value to be about 310 GeV.  The neutron yield in scintillator in both papers was calculated using the equation:
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, where N( is the number of detected muons, Q is the fraction of neutrons produced in scintillator (0.85 for LVD and 0.61 for LSD with a much higher mass of iron), l is the mean track length of a muon in the LVD/LSD scintillator and ( is the neutron detection efficiency. The factors Q, l and ( were calculated using a simplified Monte Carlo or estimated without proper modelling. Nn is the number of detected neutron captures for the infinite time window after the muon trigger, and was obtained from the fit to the measured distribution with a single exponential and a flat background.   
The results reported in the papers are: (1.5±0.4)(10-4 neutrons/muon/(g/cm2) for scintillator in LVD and (5.3±1.0)(10-4 neutrons/muon/(g/cm2) for LSD. This obvious difference between two results which were obtained for the same type of scintillator set up and a similar depth remained a concern for many years in the field and resulted in large uncertainties being attributed to background estimates based on cosmogenic simulations. In addition, new results from LVD showed a marked departure from their earlier results. With a better understanding of the experimental details and simulation limitations, we can now see more clearly the cause of this. To summarize:

1) Neither LVD nor LSD analyses were accompanied by accurate simulations of neutron production, transport and detection since they were simply not available at the time. Thus, no direct comparison could be made between measured and simulated neutron capture event rate.
2) The absence of an accurate Monte Carlo for the high-energy neutrons led to a confusion concerning which material was being evaluated for the neutron yield. The results were quoted for scintillator, whereas it has since been shown by LVD that most of the neutrons were produced in iron. This should also be true for LSD, although no simulations have been performed. Hence the factor Q has a large uncertainty factor, which was not been taken into account in the reported results.
3) Neutron detection efficiency for both experiments was evaluated using a Cf neutron source inside the scintillation counters. However, we now know that the muon-induced neutrons were produced mainly outside the scintillator in iron, and have higher energies than the source neutrons. This most likely resulted in an overestimate of the calculated neutron detection efficiency in both experiments.


4) The old and new LVD data and analysis were based on different data sets and selection cuts as follows: a) the new data does not depend on a trigger from the tracking system; b) the new data includes 3 LVD towers instead of just one; c) the new data set was taken from the counters not crossed by muons, thus removing neutron capture pulses which previously introduced bias in the time delay distribution.  Thus, the fraction of detected neutrons is much smaller and their energy somewhat higher since the detected neutrons have travelled further from their production point to their capture point.

In conclusion, we believe that the old data from the LSD and LVD experiments, when properly interpreted, do provide a good test of the muon-induced neutron production, but their systematic uncertainties were underestimated. In the absence of full simulation, it is impossible to directly compare the measured and simulated rates of neutron capture pulses within a certain energy range and time window after the muon trigger, which could have provided a crucial test of the model. The LVD also reported the energy spectra of neutron-induced events and the distribution of neutron capture pulses as a function of the distance from the muon track. While this information is important for understanding the emission of neutrons and their transport, it again cannot be properly interpreted without full neutron production/transport Monte Carlo. 
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