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The birth of Underground Laboratories

• Underground labs are needed to reduce `noise’
• R. Davis 37Cl Experiment (1960’s) on solar neutrinos probably the father of all large UG

labs 
• In the late 1970’s a strong boost to build UG experiments from

Grand Unified Theories (GUT)
• GUT’s (from Georgi & Glashow, 1974) predict nucleon instability:  expected decay times

~1030 yr for SU(5), larger 1032÷1034 yr for SO(10), SUSY-GUT
• Many experiments with sensitivity O (kt-yr) since early 80’s searching for proton-decay
• Two classes: 

o Fine grained tracking calorimeters: Kolar GF (India), Nusex, Frejus (Europe), Soudan 
(USA)

o Water Cherenkov: IMB, HPW (USA), Kamioka (Japan)
• All hosted in disused mines or in side-halls of road tunnels
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Initial ideas for new detectors. Two main directions:  solar neutrinos, proton decay

New collaborations formed, new detector designs

Symposium on Underground Physics, Saint-Vincent, Italy, April 1985                                       
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The birth of Gran Sasso Laboratory (LNGS)

1979: Proposal by A. Zichichi to Italian Parliament

1982: Approval of LNGS construction

1987: Construction completed 

1989: Start data taking of first large experiment (MACRO) 
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1982-1990
• St. Vincent 1985 started the process of selection of experiments 
Approved:
• GALLEX (Gallium Experiment) solar neutrinos
• LVD (Large Volume Detector)
• MACRO (Monopole, Astrophysics and Cosmic Ray Observatory) 
+ EAS-TOP  shower array at Campo Imperatore
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1982-1990
• St. Vincent 1985 started the process of selection of experiments 
Approved:
• GALLEX (Gallium Experiment) solar neutrinos
• LVD (Large Volume Detector)
• MACRO (Monopole, Astrophysics and Cosmic Ray Observatory) 
+ EAS-TOP  shower array at Campo Imperatore

Rationale:
• Solar neutrinos (more than a promise): Chlorine to Gallium provides lower threshold 

with better capability to investigate the reduced  𝜈 rate (Chlorex)
• GUT is still the promised land, but proton decay more & more unreachable (IMB, 

Kam-I, Soudan,…)
• Two detectors with complementary merits: Large volume vs. Large area
• Large volume focused on neutrinos
• Large area to search for the last unexplored GUT prediction: relic monopoles (after 

t‘Hooft & Polyakov, 1974)
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Two unexpected
events:

1983 Cygnus X-3
1987 SN1987A



E > 1015 eV
~4.4 𝝈 excess

4.8 hours

31 events
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• X-ray emitting binary system, 
R. Giacconi et al., ApJ (1967) 

• X-rays modulated 4.8 h
• Observed also in TeV range

1983 Cygnus X-3



E > 1015 eV
~4.4 𝝈 excess

4.8 hours

31 events
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CERN Courier, 2012

1983 Cygnus X-3

• X-ray emitting binary system, 
R. Giacconi et al., ApJ (1967) 

• X-rays modulated 4.8 h
• Observed also in TeV range
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32 events 

Aglietta et al., Nucl.Phys.B Proc.Suppl. (1990)

NUSEX

UG: NUSEX, SOUDAN

1985 Cygnus X-3
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Photons behaving like hadrons?
Cygnets:
SUSY 
Strange nuggets
…



A. Burrows, Annu. Rev. Nucl. Part. Sci., 1990
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SN 1987A
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• Both CygX3 and SN1987 strongly impacted the designs of LV and LA detectors
• LVD strongly focused on neutrinos (SN, astrophysical, atmospheric): 1 kton Liq.Sc. 

but poor tracking capabilities → improved tracking system (+ streamer tubes)
• MACRO good tracker on wide area (77×12 m2) (needed for monopoles) → + `attico’ 

for increased Liq. Scint. mass (SN), tot. 0.56 kton and up/down discr. (atm-𝜈)
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A short detour to personal memories

• My previous activity in Particle Physics at accelerators
• After announcement of GS Lab, contacts with NUSEX towards a `super-NUSEX’ 

for proton-decay 
• But… frustration from running p-decay experiments! 
• New idea: GUT monopoles !!! Strong interest from US groups (B. Barish, +…)
• Need of a large area tracking system with dedicated trigger for low-𝛽

MACRO
• An excellent tracker (50,000 ST) for UG muons, multimuons ⇒ Cosmic Rays

<Rµ> ≈ 3 m
muon count unbiased 
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My approach to Cosmic Rays
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From UG muons to Cosmic Rays

Eµ (thresh) ≈ 1.4 TeV at LNGS
Originate from CR’s around the `knee’ region
Multimuons sensitive to composition

Gaisser & Stanev, NIM, 1985

p           Fe
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A selection of CR results from Gran Sasso Lab

• Spectrum and composition from MACRO multimuons

• EAS-TOP-MACRO results

• Other UG muon results

• Atmospheric neutrinos
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DA(E, N𝜇) probability for a primary of mass A and 
energy per nucleus E to be reconstructed as an 
event with N 𝜇 muons in MACRO. Obtained from 
MC detector simulation using HEMAS (Forti et al., 
PRD, 1990) as UG muon generator.
Comparison with Sibyll: largest differences for 
single muons.
Parametric fluxes to fit

Fit of spectrum and composition from multimuon
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MACRO Coll., PRD, 1997

N.B. LE spectra 
constrained to direct 
measurements
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MACRO Coll., PRD, 1997

N.B. LE spectra 
constrained to direct 
measurements

MACRO multimuon data show 
sensitivity to the energy steepening 

above the knee. 
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8 correlated ev/day

EAS-TOP-MACRO
Correlating EAS-TOP sizes Ne to 
MACRO UG muon multiplicities N𝜇
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CORSIKA simulation. Five samples with different nuclear masses have been generated: 
• grouped into [L] proton + helium and [H] magnesium + iron

EAS-TOP-MACRO Coll., APP (2004)
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CORSIKA simulation. Five samples with different nuclear masses have been generated: 
• grouped into [L] proton + helium and [H] magnesium + iron

EAS-TOP-MACRO Coll., APP (2004)

Also correlation of EAS-TOP Cherenkov light to 
MACRO UG muons exploited to get spectrum 
for p+He (80 TeV) and p+He+CNO (250 TeV)
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Other UG muons results

neutrino 
induced

Vertical muon intensity                Muon rates
vs temperature MACRO

LVD
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Moon Shadow
Muon astronomy 
MACRO Coll., APJ (1993)
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Atmospheric neutrinos
• Atmospheric neutrinos produced by CR interactions with air nuclei
• Search for neutrino oscillation in MACRO based on 𝜈𝜇➝𝜇 events
• Flavor oscillation affects muon angular distribution
• Different topologies observed in MACRO: Upgoing, Stopping and Internal
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MACRO Coll., PLB (1998) MACRO Coll., PLB (2000)

Bartol flux: Agrawal, Gaisser, Lipari, Stanev
Phys. Rev. D (1996)

UPGoing Muons                                                             Stopping and Internal Muons
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Muon Multiple Scattering for E separation
MACRO Coll., PLB (2003)
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MACRO Coll., PLB (2003)



“…E quindi uscimmo a riveder le stelle”
“…And thence we came forth to see again the stars”
(Dante Alighieri, La Divina Commedia)
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`Puccio’ Bellotti:  first director of LNGS, 
for leaving an unforgettable
mark with his wisdom and                                                                         
friendly attitude, in the start of 
experimental operations.

Tom Gaisser: for his crucial role in the 
study of underground muons
and their potential in CR physics.
Thanks for his papers, his books
and the enlightening discussions.
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Backup slides



Cosmic Ray Physics at LNGS: 
a historical journey

From the web: “Why are laboratories underground?”

Being underground gives scientists protection from most of the "noise", such as 
cosmic rays and other background radiation from the universe.

Contradiction between `Underground Lab’ and `Cosmic Rays’ ?

CR’s secondaries are suppressed, but HE muons and neutrinos 
still survive
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LNGS 2022
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LNGS 1989-2000
LVD

GALLEX

MACRO
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LNGS 1989-2000
LVD

GALLEX

MACRO

EAS-TOP
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LVD Coll., Phys.Atom.Nucl. (2003)
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p+He
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Correlation of EAS-TOP Cherenkov telescopes to MACRO N𝜇
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MACRO Coll., Eur. Phys. J. C (2002)


