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LVD - Multi-Purpose Detector

1. Search for neutrinos from supernovae
- Registration of neutrinos from collapses of stellar cores
- Latest results

2. Muon physics

- depth-intensity curve, muon charge ratio
- reconstruction of multiple events

- muon intensity variations

3. Neutron physics

- neutron yield from muons

- neutron variations

4. Detector gamma background
- background variations
- earthquake prediction




LNGS Underground Laboratory (H=3620 m w.e.), Gran Sasso, ltaly.
The detector has been operating since 1991, since 2001 in full configuration.
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The main goal of LVD is searching for neutrino radiation from stellar core
collapse. Rt i N

L'Aquila

22x13x10 m
Me,=1020 t
M,.=1008 t
counters=840
H=3620 m w.e.
E, =280 GeV
E,.=1.3TeV
CR~120 h”
&y = 4 MeV
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The LVD has been operating under the program to
search for neutrinos from the collapse of stellar
cores in our galaxy since 1992.

Supernova Neutrino Fluxes
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Neutrino energy (MeV)

Core-collapse of stars with mass M>8 M, v
and anti-v of all flavours are produced.
Duration of the burst is O(10 s).

<BEv_>~ 10-12 MeV
<E\Te> ~12-18 MeV
<Evm> ~ 15-25 MeV




v Interaction Channel E,, Threshold %o
1 n+p — e +n (1.8 MeV) (88%)
2 v +H2C —!2N + e (17.3 MeV) (1.5%)
3 +H2C-I2B +ef (14.4 MeV) (1.0%)
4 v; H2C -y H2C* + v (15.1 MeV) (2.0%)
5 vi+e —uv+e (-) (3.0%)
6 % % Fe —° Co* 4 e~ (10. MeV) (3.0%)
7 % 4% Fe —° Mn + e* (12.5 MeV) (0.5%)
8 v; +° Fe — v; +°° Fe* + v (15. MeV) (2.0%)

Note. Cross sections of different interactions are obtained referring to Strumia
& Vissani (2003) for interaction 1, Fukugita et al. (1988) for interactions 24,
Bahcall et al. (1995) for interaction 5, and Kolbe & Langanke (2001) and
Toivanen et al. (2001) for interactions 6-8.

The main reaction of
antineutrino interaction is the
inverse beta decay (Cowan-
Reines reaction).

Al

~ +
V. +p-—>e +n

nt+tp— d+y
n+Fe—>Fe+ Xy

T =150us

Due to the presence of carbon and iron
nuclei in detector composition, the LVD
is also sensitive to neutrinos of all
flavors.




The basis of the search for v bursts is the identification of

events clusters with a low probability of simulating events due
Integral 7.8e+06 to background fluctuations.
Any cluster with imitation frequency less then 102/ yearis a

neutrino burst candidate

All triggers with
energy in

[10,100] MeV i
are included in

Constant 12.36

Slope -0.03

the dataset

N. of Events

A cluster is a set of m events in a time window At
(upto At  =100s)

o bl For each cluster i we calculate the frequency with which it
| | el can be produced by background fluctuactions (Imitation
After quality cuts are applied, the Frequency) F._ . [3]
background is well described by Poisson !
statistics with event rate f, = 3*10% s™ By =2 Atirny Z P(k, fpAt;)
k>m;-2

Where f,_is the event rate and P is the Poisson probability

Statistical selection
Any cluster with F. <10/ year is a neutrino burst candidate
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1995

2000

200
Year

2010

2015

Clusters with F, < 1/day detected vs

time (2014 - 2024).

Clusters with high significance are

marked in red (with F, , < 1/year)

T F._<10?lyear

T F._<1lyear

T F. < 1llmonth

F. < llweek

Analysis of the LVD data taking
period from 2014 to 2024.
The LVD active mass has been M >
300 t for 3711 days, exposure
8.86 kt*y , <M>=871t

A total of ~¥17 M clusters are
found, of which:

497 with Fim < 1/day,

77 with Fim < 1/week,

24 with Fim < 1/month,

3 with Fim < 1/year

Inspection of the 3 clusters with F, < 1/year:

Energy spectrum, temporal distribution of

events and number of low energy signals

following a trigger are compatible with
background characteristics
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The direction and
multiplicity of
muons were
reconstructed
using the
detector's tracking
system.

Large O angles
toward the
northeast
correspond to
depths of about 5
km w.e.

Scheme of the setup

The maximum
intensity angle is
28 degrees.
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M. Aglietta et al. (LVD Collaboration) Muon “depth-intensity”
relation measured by the LVD underground experiment and
cosmic-ray muon spectrum at sea level Phys. Rev. D 58, 092005 —
Published 1 October 1998
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Angular density of events, msr’

0

Angular distance from the Moon, deg.

of vertical cosmic ray
muons with E> 1.3 TeV
at sea level

LVD Collaboration // Proc. of 315t ICRC, 2009

012 3 456738910

We used the shadowing of
cosmic rays by the Moon
to confirm the pointing
accuracy of the LVD
detector.

Charge Ratio

p+/p-=1.26+0.11+0.04
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Number of events

i g Seazm Decoherence
I3 SAN curve -

= N dN/dn = An* Distribution of
' N pair

combinations
by the distance
between muons
in a pair for all
groups
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Multiplicity, n

Using the muon event reconstruction program, distribution by
muon group multiplicity was obtained. The maximum muon
multiplicity through 2 LVD towers is 27 in one event.

Number of events
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Nariations of the intensity of the total muon flux

T 0372 .
E b 2.5 mllllon muoh events fq)r 2724 da?ys during 2001 -2008 were ana!yzed.
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Temperature effect

For high-energy muons (~ 280 GeV), which we are detecting P

underground, there is a positive temperature effect.

Muons that reach great depths are produced, generally, in the decays
of pions of the first generation. The number of these decays increases
with the expansion of the atmosphere and the fall of its density in the

upper layers (at an altitude of ~ 30 km).

H

The correlation of the change in
the muons intensity and the
change in temperature
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Using a 24-year muon data series, variations with periods of about 4 and
10 years are found, related to temperature variability in the lower
stratosphere.

Analysis of the muon flux series also reveals evidence for diurnal and
monthly variations, especially during the highly variable winter period
(sudden stratospheric warmings). Although such short-term modulations
are also found in the effective temperature series, we show that the
variations of these two series are brought to a better agreement when
considering only certain atmospheric layers depending on the specific event.
The amplitudes of the long-term variations are significantly larger than
expected based on the temperature modulations. Our study shows that
the subsurface muon flux can be used as a powerful tool to study
stratospheric temperature variability around the tropopause.

Period (d)

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016

Year

C. Taricco et al. (LVD Collaboration) «Exploration of the stratosphere with cosmic-ray muons
detected underground» Phys. Rev. Research 4, 023226 — Published 21 June 2022

Mcnonbays 24-neTHIO CEpUI0 MIOOHHBIX AaHHbIX OBHapyxeHbl Bapuauuu ¢ nepuogamm okosno 4 u 10 neT, cBs3aHHble C M3MEHYMBOCTBIO TEMMEPATYPbl B HUXHWUX CROSX
cTpaTocdepsl.

AHanu3 psigoB NOTOKA MIOOHOB BbISIBMSIET TakkKe CBUOETENbCTBA CYTOYHBIX M MECSYHbIX Bapuauuii, 0COBEHHO BO BPEMSI CUSbHO M3MEHYMBOTO 3MMHEr0 nepuoaa. XoTs Takue
KpaTKOBPEMEHHbIE MOAYNALMM Takke OOHapyXMBaKTCA B psgax 3deKTUBHOM TemnepaTtypbl, Mbl MOKa3sblBaeM, YTO Bapuauuy 3TUX ABYX PSAOB MPUBOAATCA K Nydllemy
COrnacoBaHWIo NMPY PACCMOTPEHNM TOSBKO ONPeAeNEHHbIX CII0eB aTMOCephI B 3aBUCUMOCTI OT KOHKPETHOIO COBbITUS.

AMNAUTYObl MHOTOMETHUX Bapuauuin 3Ha4YUTENBHO BorblUe, YEM OXUAAEMbIE HA OCHOBE TeMnepaTypHbIX MOAynauMi. Halle uccrenoBaHue NokasbiBaeT, YTO MOTOK MOA3EMHbIX
MIOOHOB MOXHO MCMOIb30BaTb Kak MOLLHOE CPeLCTBO AN M3YYEHUS U3MEHUYMBOCTY CTPATOCEPHOM TemMnepaTypbl BOKPYr Tpornonaysbl.



<Ep> =~ 270 GeV
<H> =~ 3.3 km w.e.

<0> ~13°

The modular --
structure of the

detector allows --
us to select --
muons in the

horizontal and --
vertical --

directions.
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As a result of the analysis of horizontal

wsten muons of far beams, which passed through gm}' ,
the LVD and OPERA, which move at a ol bt
distance of 160 m from each other, the . e
difference in detectors clock response 600) | At=73ns
times was obtained. U 23 SN, 2N I
It was determined that from mid-2008 to 50 |
the end of 2011 the difference exceeded f'
the muon flight time by At=73ns. This mz?m? “a0s m0s a0 zom 2012 2013
helped to find a systematic error associated 3 systematic error associated with
with the measurement of absolute time in the measurements of absolute
the OPERA experiment. time in the OPERA experiment.

The relative deviation of the neutrino velocity from the speed of light
N3mepeHa BENNYMHA OTHOCUTEIbHOTO OTKIOHEHUA CKOPOCTU HEMTPUHO OT CKOPOCTU CBETa Ha ycTaHoBKe LVD
10F

Mean = -0.3 ns

Using the neutrino beam from CERN - Gran Sasso, with short bunches of 3 ns

E r.m.s. = 4.0 ns
2 5 width and an interval between them of 100 ns, the relative deviation of the
& I neutrino speed from the speed of light was measured at the LVD : -3.3:10° <
[ IJ_Ll (v,-c)/c < 3.5-10°® (at the 99% confidence level).
L 20 0 20

5t e



. Reconstruction of muon events using counter response time
delays.

. Search for aligned (coplanar) events in muon groups, using
archive data with a detector tracking system.

. Analysis of events with high energy release and high
multiplicity depending on the direction of events (from the
zenith angle and/or great depths).

. Study of narrow muon groups




n+p —> d+y, E=22Ma3B

n+°%Fe —» >’Fe + Xy, <E >~ 7M3B o
250 NS v o
F—» ) T~150 US X 2
< > N -
time o
..J  Neutron(s) =
Muon capture g

Neutrons are detected by y-quanta emitted after radiative Ty A R U I RPN S S B

. . . 0 50 100 150 200 250 300 350 400
capture of thermal neutrons mainly by scintillator protons and Muon energy, GeV

by iron nuclei. : . :
Measurement of neutron yield at LVD in different substances is

consistent with the dependence :
Y, (E,A)= 4.4-1077 (g/cm?)! ABEM‘* (E - GeV),
a=0.78, B=0.95

Neutron yield from muons
measured with LVD

CnH2n (3.2+0.2) x 10*
Fe (15 + 2) x 10
Pb (55 + 20) x 104

- B




10°
N = s
= S o - (T1+T2)
B N o - (T1-CI)
10% = \"'\_
10 | E
- T2 .
: 10° =
i T T Ejoint L-distribution of measurements
i \h (T1+T2) and (T1-Cl);
30-120MeV  a=111$0.30 | 10°straight line —law R, 727,
[ L 120-400 MeV o =2.05+0.14 —solid line — fitting range 2.0 — 14.5 m.
- T (CnH2n + Fe) = 100 MeV l I i | |
. 107 :
i 1 10 R, .
1 1 1 1 1 | 1 1 1
100 T,, MeV The transverse distribution of neutrons in matter at a

distance greater than 2 m from the muon track is
Spectrum of F(T ), measured in the LVD experiment (2009) described by the dependence R, 23



Seasonal Variation of neutrons
generated by muons

1

0:4 i N(t) =1+ 8N, /N ° x cos[2n(t — ¢t,°)/T, ]
6E MecHair
- — ~(1+0.08) """ ~1=0.10
Yn(ELl) oC Eu ) n The amplitude of variations was 7.7%,

N.Yu. Agafonova, A.S. Malgin "On the Mechanism of

Temperature Variations in the Average Energy of Muons at
Large Depths", JETP, Vol. 132, No 1, pp. 73-78 (January 2021).

which allowed us to determine

variations in the energy of atmospheric

muons underground.

Variations in the specific
number of neutrons at LVD
over 15 years;

statistical errors of
measurements with a step of 1
month are indicated, the curve
is the best approximation of
the data by a harmonic
function

Ny oo
=7.7%
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0.95}

0.9
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u, HOMep M

E,VD =280 + 28 GeV




2Rty WPy WP Ly Wi

3.82d

3. 05 min

26 .8 min

- 214 210
£ Mpo —=520ph
1.6x107* sec 2.3y

Changes in low-energy background are

19. 7 min

important for experiments to search for
rare events, such as DM.

-

Energy of Number of y
v, MeV per 100 nuclei of
214Bi
0,609 47
1,764 17
1,120 17
1,238 6
2,204 5
1,378 5
0,769 5
1,400 4
2,445 2

_ Radon concentration monitoring is
carried out by recording y-quanta
from the decay of daughter nuclei
| 222Rm, the half-life of whichis 3.8 | . pw

Depthinkm

Tt

L 1
4323 24 25

29
SEPTEMBER

Counting rate of LVD during earthquake in
Italy (1997).
The moments of shocks are given by arrows.
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Daily-weekly

variations are due to the daily work

of laboratory personnel, opening of

gates on working and non-working
days.

Mon | Tue | Wed | Thu | Fri | Sat | Sun

;_ ON,,=0.03%0.01

E 1 1 1 1 I 1 1 [ 1 I 1 1 1 1 l 1

0 50 100 150
hours

2T
f(®)=1+6N,- cos(— (t—9))

Lunar-monthly

variations are due to tidal forces
associated with the movements

1.02

1.01

1.00

0.99

0.98

of the moon and sun.

5N,,=0.008+0.0015
0 20~ oyr. 30

days

Seasonal-annual

variations are due to seasonal
variations in precipitation and
the rate of snowmelt in the
mountains during the summer in
the Italian region.
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arthquake 6/04/2009 in LAquila

LVD 2009 year. Only co
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dakTopbl, Bnm..omg--";;g "izo_HﬁéHTEaumo paaoHa B noasemHoi nabopatopuum
Factors Affecting Radon Concentration in an Underground Laboratory.

OTKpbIBaHWE 1 3aKpbiBaHWE BOPOT B 3a/, rAe HaxoauTca yctaHoBKa/ Opening and
closing the gate to the hall where the installation is located

MpoxoxkaeHne MmallMH Mo TPaHCnopTHoMY TyHHento/ Passage of cars through a
transport tunnel

Ce30HHble BapuaLMKM KOHUEHTpauun pagoHa/ Seasonal variations in radon
concentration

MpunmnBHbIe CUNbI, CBA3aHHbIe ¢ NYHHbIM UMKknom/ Tidal forces associated with
the lunar cycle

Ceiicmuueckana aktuBHocTb/ Seismic activity => In general, we want to detect
earthquake precursors using the gammas counting rate on the LVD

43
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Bapuayusa cueHanoe TM umeem

CUHYcouOanbHbIl Xxapakmep U c843aH
C 08UXEHUEeM 3eMs1U 8 COsTHeYHoU
cucmeme omHocumesibHo 2as10 Hawel

20/10KMUKU. 2 UIOHA CKOPOCMb
08UMCEHUA 3eMsU CK803b 2as10

MaK JKcnepmmeHTaibHaA CKOPOCTb OAMHOYHbIX CUMHTUNNALMOHHbBIX

Bapuaunu TemHon Matepuun n HeMTpOHOB oA, 3emnemn,

obHapv¥eHHble B noasemMHoM nabopatopuu

2-6 keV
o %% = DAMA/LIBRA-phasé1 (104 tomxyn)—————> | < DAMA/LIBRA-phase2 (1;53 tonxyr) —
g 0.04 [ | O R R oo A
< | R D R -
3 o002 [ I T o
EoL Ak AN
T YT Y ki
% -00s _ | R Bernabe/ et i/ (DAMA Coll.) //anIV 0804 2741 arX/v 2209 00882 |

) L L ]
4000 5DDE 6000

cobbITM, n3mepeHHas ¢ nomoulbto DAMA/LIBRA-phasel u

DAMA/LIBRA-phase2 B uHTepBanax aHepru (2—6) KaB, KaKk dbyHKUMA Ammmryia Dasza Tlosoxenue B roty | Ilepuo,
BpemeHU. HanoxkeHHaa KpuBaa npeactaBnaeT cobomn Témnas MaTepus 1-2% (145+5) nueii HIOHD 2010-2017
KOCMHycouaanbHble GyHKLMOHaNbHbIe Gopmbl T = Acosw(t - t,) ¢ Mioomsl L5% | (187£3) cyrok HOLb 2001-2008
neprogom T = 21/w = 1 roa, ha3oii t, = 152,5 aHn (2 vioHa) n Heitrponsbt r 7.7% ) (7 Oi().:i)) MeC HIOJIb 2001-2016
aMI'Ij'IMTyplOIZ MOaynALMN A. Famma-KBaHTHI (d.Uillﬁ.l)%a (8.5+0.5) i\-l’ec- L iﬂl‘y-’uvv ' U'2‘209—2021 B
o h phase 7.62 + 0.145

AkcnepumMeHTanbHoe 1=

HabnoaeHne peakmx 1

COObITUI — °-20 aHHbI

HETpYBHATbHA o + LD Bapuaumu yaenbHoro Yncna HeMTPoOHOB, reHepUpoBaHHbIE MIOOHaMM, 3a 16
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Ilens SNEWS — npeocTaBuTh aCTPOHOMUYECKOMY coonecmy paHﬁee
IIPETyNPEXICHAE O BCIIBIIIKE CBEPXHOBOI B Hamel [anakTuKe ¢ TeM, 4TOOBI S@] @@FN@M@ E@ [fﬂy

9KCIICPUMEHTATOPBI MO HAOJIFOIATh aCTPOHOMHYECKUE CIIE/ICTBUSA | _ W@ [f[mﬁ[m Sygﬁ@m
FpaBI/ITaLII/IOHHOFO KoJuj1amca SBCSIILI - M.

Mo AaHHbIM PabOTbl HEMTPUHHOTO
Teneckona LVD 3a 33 roga pabotbl (1992 -
2025), nonyyeHo aKcnepumeHTaibHoe
OrpaHUYEHME Ha YacTOTy HEUTPUHHDbIX
BCM/1IECKOB OT rPaBUTALMOHHbIX KO/11ancoB
3B€3M, B [anakTnKe: meHee 1 cobbiTmA 3a
14.3 r. Ha 90% ypoBHe A0CTOBEPHOCTMW.

(1) SSDJN 24110y



lexorepeHTHan KpuBas

PacnipedeneHue napHbix KombuHayul o _
pacCMofAHUK Mexoy MIOHAMU 8 rnape O0/A g
gcex 2pynn. 3
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rem

3aBMCMMOCTb PaCCTOAHUA MeXAy MIOOHaMM B rpynne gaet MHPOpMaLMio
0 NonepeYHbIX MMNYAbCax. BmecTe ¢ MHOXKeCTBEHHOCTbHO MIOOHOB MOXHO
nonyunTb uWHbopmaumio 06 3SHepreTMYecKoOM CnekTpe aApOoHOB. ]
MN3mepeHMAa CnekTpoB M pacnpeseneHus aTMochepHbIX MIOOHOB MO )
PacCTOAHWAM MNO3BONAIOT TECTMPOBATb MOAENN AAEPHOro Kackaja B
atmocdepe, TO ecTb NapameTpbl NEPBUUYHONO KOCMUYECKOTrO U3NYYEHUS
(3HepreTMyecknit CnekTp M XUMMYECKMN COCTaB) U B3aMMOAENCTBUA
4acTuL, NPU BbICOKUX SHEPTUAX.
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2T
f(®)=1+6N,- cos(— (t—9))

CyTOUHbIe-HeaeNnbHble JIyHHO-mecAYHbIe
ObycnoBneHbl KaxKaoaAHEBHOM 0bycnoBeHbI MPUANBHBIMU
paboTon nepcoHana nabopatopun, CMNaMMU, CBA3AHHbIe C
OTKpPbIBaHMEM BOPOT B paboune un ABUMKEHMEM NYHbI U CONMHLA
Hepabouune AHW.
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