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= T T, decades of astroparticle and neutrino physics
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Preamble: personal memories %

* Inearly 80’s our INFN director invited expressions of interest in upcoming major
facilities (LEP, HERA, LNGS). My choice: LNGS.

v' Underground Labs: “main purpose is to shield experiments from cosmic rays and
other environmental noise”

= Studying cosmic rays very far from my expectations.

Roma (**): G. AuriemMma, M. DE Vincenzi, E. LamManxa, G. MArRTELLOTTI, S.
PeTRERA, L. PETRILLO, P. Pistirri, G. Rosa, A. SciusBA and M. SE- .
S + new entries... (OP, PL)

v Our previous activity in Particle Physics at accelerators (CERN, Fermilab, LNF)

* Initiated discussions with Frascati on a “super-NUSEX” project for proton decay after
the GS Lab announcement.
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Preamble: personal memories W

* Inearly 80’s our INFN director invited expressions of interest in upcoming major
facilities (LEP, HERA, LNGS). My choice: LNGS.
v' Underground Labs: “main purpose is to shield experiments from cosmic rays and
other environmental noise”
= Studying cosmic rays very far from my expectations.

Roma (**): G. AuriemMma, M. DE Vincenzi, E. LamManxa, G. MArRTELLOTTI, S.
PeTRERA, L. PETRILLO, P. Pistirri, G. Rosa, A. SciusBA and M. SE- .
S + new entries... (OP, PL)

v Our previous activity in Particle Physics at accelerators (CERN, Fermilab, LNF)
* Initiated discussions with Frascati on a “super-NUSEX” project for proton decay after
the GS Lab announcement.
v' However, growing frustration with proton decay experiment initial outcomes.
. Q GUT Monopoles!
v’ Strong interest from U.S. collaborators (e.g., B. Barish and others).
v Required: Large-area detector with dedicated trigger for low-B particles.
MACRO
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1982-1990

e St. Vincent 1985 started the process of selection of experiments
Approved:

e GALLEX (Gallium Experiment) solar neutrinos

e LVD (Large Volume Detector)

* MACRO (Monopole, Astrophysics and Cosmic Ray Observatory)
+ EAS-TOP shower array at Campo Imperatore
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1982-1990

e St. Vincent 1985 started the process of selection of experiments
Approved:

e GALLEX (Gallium Experiment) solar neutrinos

e 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 v rate (Chlorex)

* Two detectors with complementary merits: Large volume vs. Large area

e Large volume focused on neutrinos

e Large area to search for the last unexplored GUT prediction: relic monopoles (after
t‘Hooft & Polyakov, 1974)
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1982-1990

e St. Vincent 1985 started the process of selection of experiments Two unexpected
Approved: events.

e GALLEX (Gallium Experiment) solar neutrinos

e LVD (Large Volume Detector)

* MACRO (Monopole, Astrophysics and Cosmic Ray Observatory)
+ EAS-TOP shower array at Campo Imperatore

1983 Cygnus X-3
1987 [SN1987A

Rationale:
* Solar neutrinos (more than a promise): Chlorine to Gallium provides lower threshold
with better capability to investigate the reduced v rate (Chlorex)

* Two detectors with complementary merits: Large volume vs. Large area

e Large volume focused on neutrinos

e Large area to search for the last unexplored GUT prediction: relic monopoles (after
t‘Hooft & Polyakov, 1974)
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1983'Cygniis X-3

X-ray emitting binary system,
R. Giacconi et al., ApJ (1967)
X-rays modulated 4.8 h
Observed also in TeV range

27-Jun-2025

NUMBER OF EVENTS PER Ad=4°

THE ASTROPHYSICAL JOURNAL, 268:L17-21, 1983 May |
© 1983, The American Astronomical Society. All rights reserved. Printed in U.S.A.

DETECTION OF 2 x 10" TO 2 X 10' eV GAMMA-RAYS FROM CYGNUS X-3

M. SAMORSKI AND W. STAMM
Institut fur Reine und Angewandte Kernphysik, University of Kiel
Received 1982 November 22; accepted 1983 January 5
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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

CERN Courner  July/August 2012

CERN Courier, 2012

Viewpoint

From the ionization of air to beyond the LHC

Alan Watson looks at how the
links between particle physics
and cosmic-ray research have
evolved over the past century.

In August, some 100 physicisis will gather

21 Bad Saarow in Germany to celebrate the
centenary of the discovery of cosmic rays

by the Austrian scientist, Victor Hess. The
mecting place is chose to where Hess and his
companions landed following their flight from
Aussig during which they reached 5000 m in
a hydrogen-filled balloon; Health and Safety
legislation did not restrain them. Finding the
rate of ion-production at SOO0 m to be about
three times that of sea level, Hess speculated
that the Earth’s atmosphere was bombarded
by high-energy radiation. This anniversary
might also be regarded as the centenary of the
birth of particle physics. The positron, muon,
charged pions and the fisst strange particles
were all discovered in cosmic rays between
1932 and 1947; and in 1938 Picrre Auger
and colleagues showed. by studying cascade
showers produced in air, that the cosmic-ray
spectrum extended to at least 10%eV, a claim
based on the new ideas of QED,

Reviewing history, one is struck by how
reluctant physicists were to contemplate
particles other than protoas, neutrons,
clectrons and positrons. The combination
of the unexpectedly high energics and
uncertainties about the validity of QED
meant that Aaws in the new theory were
often invoked to explain observations
that were actually evidence of the muon.
Another striking fact is how many gians
of theoretical physics, such as Bethe,
Bhabha, Born, Fermi, Heiscaberg. Landau
and Oppenheimer. speculated on the
interpretation of cosmic-ray dats. However,
in 1953, following a famous conference
at Bagndres de Bigorre. the focus of work
on partick physics moved to accelerator
laboratories and despite some isolated
discoveries ~ such as that of a pair of
particles with naked charm by Kiyoshi Niu
and colleagues in 1971, three years before
the discovery of the JAp at accelerators
accelerator laboratories were clearly the

54

Alan Watson.
(Image credin:
Fermilab.)

place to do precision particke physics. This is
not surprising because the beams there are
moce intense and predictable than nature’s:

led to the construction of the VERITAS,
HESS and MAGIC instruments that have
now created a new field of gamma-ray
astronomy at tera-clectron-volt energics.
The construction of the Auger Observatory,
the largest cosmic-ray detector ever built,
s another major consequence. In addition
to important astrophysics results, the
instrument has provided information
relevant 1o particle physics. Specifically,
the Auger Collaboration has reported a
PIOO-PrOLON Cross-SCCtion measurcment at
acentre-of mass energy of 57 TeV,
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However, another cosmic-ray “discovery”
led to a change of scene. In 1983, a group
at Kiel reported evidence for gamma rays
of around 10"eV from the X-ray binary,
Cygnus X-3. Their claim was apparently
confirmed by the array at Haverah Park in
the UK and at tera-electron-volts energies
at the Whipple Telescope in the US. Several
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particle physicists of the highest class were
sucked into the field by the excitement. This
led to the construction of the VERITAS.
HESS and MAGIC instruments that have




Volume 155B, number 5,6 PHYSICS LETTERS 6 June 1985

1983'Cygniis %-3

OBSERVATION OF A TIME MODULATED MUON FLUX IN THE DIRECTION OF CYGNUS X-3

G. BATTISTONI 4 E. BELLOTTI b, C. BLOISE 2, G. BOLOGNA ¢, P, CAMPANA 2,
C. CASTAGNOLI ¢, A. CASTELLINA ¢, V. CHIARELLA 2, A. CIOCIO 2, D. CUNDY 9,
B. D’ETTORRE-PIAZZOLI ¢, E. FIORINI b, P. GALEOTTI ¢, E. IAROCCI a C. LIGUORI b,
G. MANNOCCHI ¢, G. MURTAS #, P. NEGRI b, G. NICOLETTI 2, P, PICCHI ¢, M. PRICE 9,
A.PULLIA ® S, RAGAZZI b, M. ROLLIER ®, 0. SAAVEDRA ¢, L. SATTA 2, P. SERRI b,
S. VERNETTO € and L. ZANOTTI ®
4 Laboratori Nazionali dell'INFN, Frascati, Italy

Dipzrn'me_mo di Fisica t.lell *Universitd anfi INFN, Milan, Italy N
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Aglietta et al., Nucl.Phys.B Proc.Suppl. (1990)
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Fig. 1. Phase distribution for muons coming from an observa-

tion window of 10° X 10° centred on Cygnus X-3.
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Is Cygnus X-3 a
monoenergetic 10" eV accelerator?

A. M. Hillas

Physics Department, University of Leeds, Leeds LS2 9JT, UK
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VOLUME 54, NUMBER 20 PHYSICAL REVIEW LETTERS 20 MAY 1985

Calculation of Neutrino Flux from Cygnus X-3

T. K. Gaisser and Todor Stanev
Bartol Research Foundation of the Franklin Institute, University of Delaware, Newark, Delaware 19716
(Received 12 March 1985)
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Photons behaving like hadrons? ~
Cygnets:

SUSY

Strange nuggets
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DIFFICULTIES WITH INTERPRETATIONS OF UNDERGROUND MUONS
FROM CYGNUS X-3

V.S. BEREZINSKY
Institute for Nuclear Research, Academy of Sciences, 117 312 Moscow, USSR

John ELLIS
CERN, CH 1211 Geneva 23, Switzerland

and

B.L. IOFFE
Institute for Theoretical and Experimental Physics, 117 259 Moscow, USSR

Received 4 March 1986
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S N 1 9 8 7A Table 1 SNI987A neutrino data

Electron angle with

Event Time* Electron energy respect to LMC
Detector  number (seconds) (MeV) (degrees) Comment
IMB 1 7:35:41.374(UT) 38+7 80+10 +50 ms
2 0411 3747 44+15
3 0.650 28+6 56420
4 1.141 3947 65+20
Kamiokande 5 1.562 3649 33415
e IMB 6 2,683 3646 52410
4041 (* A Baksan 7 5010 1945 2+
Pe ® 8 5.581 A 104420
® KII 1 7:35:35(UT) 20.0+29 18+18 + 1 min
2 0.107 13.5+3.2 40427
3 0.302 75420 108 +32
30 4 0.323 92427 70430
= 5 0.507 12.84+29 135423
= 6 0.685 6317 68477 background
‘G:D 7 1.540 35.418.0 32416
3 20- | 8 1.728 21.0+4.2 30+18
5 9 1915 19.8+3.2 38+22
10 9.219 8.6+2.7 122+30
11 10.432 13.0£2.6 49426
12 12.439 89+1.9 91+39
10 - Baksan 1 7:36:11.818(UT) 12424
2 0.435 18+3.6
3 1.710 23.3+4.7
4 7.687 17+3
5 9.099 20.1+4.0
T : | : | | : Mont Blanc 1 2:52:36.792(UT) 7 IMB-4.7 hrs
0 2 4 6 8 10 12 % eid 8
time (s) 3 4215 11
4 5.904 7
5 7.008 9

*The UT times on February 23, 1987, are given for the first event; the time for each subsequent event is relative to the
first.

A. Burrows, Annu. Rev. Nucl. Part. Sci., 1990
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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 (77x12 m?) (needed for monopoles) - + “attico’
for increased Lig. Scint. mass (SN), tot. 0.56 kton and up/down discr. (atm-v)

Vs ] 1 2.8 |

/ Uﬂ / UJ / [JJ / LUJ / l][ M/ Electronics \I
2844 WP ¥

. //]",]}/ /L[_l%/' ‘/,[]Jr | /.l],lifj ’/Tl,L;/ #’;_1.]1./ J’U[ m gbosgtber g:t.:ct?rc : K? % 1
i An ah Anan %5 = ———
& an an dn a6 A2 | R N R .

s E%22 == 225 A W
(T V(P (Pt S . u
A an-an-an-an - el = H
- o R RSRRSY “ml
[/ II"" {/ III}» }/ [][}1 {/ lli, [( ~ @.—,.,._ ~~~~~~ === =T === ,..;-=~g

i i i AR " g
Figura 1: scheme of the arrangement of the counters in LVD I | [ ] L W [ ] [ I [ ]

27-Jun-2025 S. Petrera - Cosmic Rays at LNGS 13



My approach to Cosmic Rays (1)

* Large area tracking system with dedicated trigger for low-f

MACRO

* An excellent tracker (50,000 ST) for UG muons, multimuons = Cosmic Rays
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My approach to Cosmic Rays (2)

Air showers 205

For a nuclear projectile of mass A incident on a target nucleus of mass
B the generalization is (Bialas, Bleszynski & Czyz, 1976)

Cosmlc Rays (Nap = 2208 4 B0, Cosmic Rays and Particle

4B CaB P} . é
rsics
and The first term is the number of wounded nucleons in the projectile l‘\ 1CS
and the second the number of wounded nucleons in the target. This
simple geometrical result predicts that a somewhat larger fraction aW‘/
P t e l Ph 4 ’ of the freed nucleons interact to produce pions than the analysis of ~ /}_ o
ar lc e ySlC S emulsion data described above. /Q e
s / e 7 /
Problem: Show that the expression (5.1) for the absorptive // \)Q/»@ v 3
proton—nucleus cross section can be developed as a sum of par- / {/ C) rov P

tial cross sections for exactly N wounded nucleons:

o0
Tpa = TN, a
’ NZ:I has

where
on = /d“bﬂ;;?ﬂ exp[~aT(b)], Q/ld{

and ¢ is the nucleon-nucleon cross section. Calculate the mean

number of wounded nucleons in this appreximation. W’L‘

14.5 Coincident multiple energetic muons . Ro mA )
h
X j ,;/(A
in the next few chapters, I describe here the case of coincident, mul- 7 # and
tiple muons detected with a large, deep detector. Because the muons ﬁ

must have high energy at production in the atmosphere to penetrate
to a deep underground detector, only the highest energy parts of the
cascades are relevant. These events therefore illustrate some of the
principle questions of air shower physics in a particularly clear way.
The questions include the problem of the chemical composition of the
primary cosmic rays above 100 TeV, which has not been measured
directly because of the extremely low flux at high energy. Interpre-
tation of the results also depends on details of hadronic interactions
at high energies, particularly the #fansverse momentum distribution,
which determines the fraction of the muons above threshold that falls
within the detector. The amount of charm production may also be
important because charmed mesons are a source of prompt muons.

27-Jun-2025 S. Petrera - Cosmic Rays at LNGS 15



From UG muons to Cosmic Rays

Air showers 205
N
For a nuclear projectile of mass A incident on a target nucleus of mass El.,l. (t h re S h ) ~ 1 [} 4 TeV a t L N G S

B the generalization is (Bialas, Bleszynski & Czyz, 1976)

e = Originate from CR’s around the "knee’ region

The first term is the number of wounded nucleons in the projectile
and the second the number of wounded nucleons in the target. This

Simple geometrical result predicts that a somewhat larger fraction M u | t| muons sens |t ive to com p oS |t | on

of the freed nucleons interact to produce pions than the analysis of
emulsion data described above.

Problem: Show that the expression (5.1) for the absorptive

proton—nucleus cross section can be developed as a sum of par- GGISS er & StCIn e‘// NIM’ 1 985

tial cross sections for exactly N wounded nucleons:

o0
Tpa = Z TN,
N=1

MRRARL | LA AL | T T T T LA RS o |

where

T T TTTTT
L4 aail

on = /dnbﬂﬁ?ﬂ exp[—-aT(b)],

and ¢ is the nucleon-nucleon cross section. Calculate the mean
number of wounded nucleons in this approximation. 09
I

14.5 Coincident multiple energetic muons

T l'lllll
1l unul

in the next few chapters, I describe here the case of coincident, mul-

tiple muons detected with a large, deep detector. Because the muons -

must have high energy at production in the atmosphere to penetrate wl

to a deep underground detector, only the highest energy parts of the EY
Ll
>

cascades are relevant. These events therefore illustrate some of the

principle questions of air shower physics in a particularly clear way.

The questions include the problem of the chemical composition of the

primary cosmic rays above 100 TeV, which has not been measured

directly because of the extremely low flux at high energy. Interpre-

tation of the results also depends on details of hadronic interactions IO_!
at high energies, particularly the #fansverse momentum distribution,

which determines the fraction of the muons above threshold that falls

within the detector. The amount of charm production may also be

important because charmed mesons are a source of prompt muons.
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Fig. 5. Muon yields from primary protons (solid line) and iron
nuclet (dash line) at depth of 4 km.w.e.



A selection of CR results from Gran Sasso Lab

e Spectrum and composition from MACRO multimuons
 EAS-TOP-MACRO results

e Other UG muon results

27-Jun-2025 S. Petrera - Cosmic Rays at LNGS
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Fit of spectrum and composition from multimuon

R(Np)=QS§ f dE ®,(E)-D4(E,N,)

2103?' D,(E, N,) probability for a primary of mass A and
2102;_ energy per nucleus E to be reconstructed as an
S e event with N, muons in MACRO. Obtained from
10F o MC detector simulation using HEMAS (Forti et al.,
; _ '. PRD, 1990) as UG muon generator.
. Comparison with Sibyll: largest differences for
10 | %, single muons.
= "o, Parametric fluxes to fit
R O\(E)=K\(A)E" "W for E<Eq (A),
10 35— ?'qf.m'

ST w’f*# @ ,(E)=K,(A)E~ "W for E>E_, (A),

0 5 10 15 20 25 30 35 _
1 1 Muon multiplicity with KZ:KIE;JZ'[ "1 Ecut (Z)zEcut (Fe)Z/26
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E*" dN/dE (m™2 s sr'GeV"™)
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MACRO Coll., PRD, 1997
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EAS-TOP-MACRO |
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CORSIKA simulation. Five samples with different nuclear masses have been generated:

e grouped into [L] proton + helium and [H] magnesium + iron

52 . Z (N — pLN} _pHNiH)Z
7~ Olexp T (pLoiL)” + (puoin)’

W

A
n

MACRO/EAS-TOP
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w°
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T

10
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CORSIKA simulation. Five samples with different nuclear masses have been generated:

e grouped into [L] proton + helium and [H] ma

gnesium + iron

(NJ® — pLNE — puN™)?
O exp T (pLoiL)” + (puoin)’

253

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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The heritage

* After MACRO some of us “captured” by Cosmic Rays

* |took part to Paris UNESCO meeting (1998), the “official” launch of Plerre Auger
project. Aurelio also showed interest ——

* A new “Cosmic Ray” adventure: from Appennines to Andes

“...E quindi uscimmo a riveder le stelle”

“...And thence we came forth to see again the stars”
(La Divina Commedia. Dante Alighieri)
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The birth of Underground Laboratories

 Underground labs are needed to reduce noise’
* R. Davis 3’Cl Experiment (1960’s) on solar neutrinos probably the father of all large UG
labs
* Inthe 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
~103% yr for SU(5), larger 103?+103* yr for SO(10), SUSY-GUT
* Many experiments with sensitivity © (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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The birth of Gran Sasso Laboratory (LNGS)

1979: Proposal by A. Zichichi to Italian Parliament

Initial ideas for new detectors. Two main directions: solar neutrinos, proton decay

1982: Approval of LNGS construction

New collaborations formed, new detector designs

Symposium on Underground Physics, Saint-Vincent, ltaly, April 1985

1987: Construction completed

1989: Start data taking of first large experiment (MACRO)
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TABLE 4
SEARCH FOR MODULATED MUON SIGNALS FROM POINT SOURCES

M. Ambrosio et al. | Nuclear Instruments and Methods in Physics Research A 486 (2002) 663—707 J""‘(95%)
Wi Zz » -2 -1

Muon astronomy Source Po Twe WeZ) (m7e)
1 ® 4U 0115463 ..... 2432 days*  Orbital 0.79 <89 x 10™

.t Moon Shadow MACRO Coll., APJ (1993) Crab .o $3me  Pusar 0%  <LlxI107'3

i / Her Xl ..ooo...... 170 days® Orbital 098 <94 x 10°*3

1 | 4U 1907409 ..... 8.38 days®  Orbital 0.57 <14 x 10712

1 MUON ASTRONOMY Cyg X-1 .......... 5.60 days®  Orbital 0.68 <9.0x 10713

i Cyg X-3 covennnn.. 479 hrf Orbital 0.06 <1.1x 10712

* Ricketts et al. 1981.

b Massaro et al. 1991.

¢ Ogelman 1987.

4 Bolton 1975.

¢ Makishima et al. 1984.

* van der Klis & Bonnet-Bidaud 1989.

AAltitude (degrees)
; =S
T

1.5 - L LI B I I L ‘E rrrr I T rrr I T 11T I TrTrrr I TTrTTT I Trrr I T T rrr
r B -10 I
i = S I B S SRS BV S S i ) 10 L Modulated Muon Flux -
2 -1.5 -1 0.5 0 05 1 15 2 E E
AAzimuth (degrees) - IMB from Cyg X3 E
I k V Sondan 2 ]
o -11[ \l, 0 7
@ 10 - Soudan 1 —
& E Kamiokande E
=] [ NUSEX ]
S i o
b -12 ]

2 10 L % /A Homestake

[ E MACRO l ¢ E
6.8e-12 4.7e-12 2.7e-12 6.3e-13 C ‘:'
Units: cm2s -1 r B
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FiG. 9—MACRO limit to the modulated muon flux from Cyg X-3 com-
pared with the results from other underground detectors.
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Correlation of EAS-TOP Cherenkov telescopes to MACRO N,

® exp. doto
Table 5
Comparison (a) of the present results alone and (b) combined with the direct p-flux measurements, with the JACEE and RUNJOB data
Quantity(*) EAS-TOP and MACRO JACEE RUNIJOB
; (@) Jp1e(80 TeV) 18+4 12+3 g+2
(b) Ju.(80 TeV) 127144 64+14 3.1%£0.7
I (b) J“’PH (80 TeV) 0.29+0.09 045+0.12 0.63+0.20
p+He
—— (2) Jp+He+cno(250 TeV) 1.1£0.3 0.7+0.2 0.5+0.1
—] (a) %(250 TeV) 0.78+£0.17 0.70£0.20 0.76 £0.25
——’/’;— p+He+CNO
— CNO data and all errors of JACEE and RUNJOB are interpreted by ourselves from plots. (*)Intensity units are 1077
— m2slsr!TeV!
— .
NN JACEE sim
V. ///] RUNJOB sim
| I l . o s

34 36 38 4 42 44
log10 (ph/m?)

Fig. 12. Same as Fig. 11 in fixed intervals of photon density and
scaling all core distances in the region » ¢ [145,185] m to
r € [125,145] m.
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