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The Oscillations Project with Emulsion TRacking Apparatus
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Conventional muon neutrino beam
neutrino mean energy: 17 GeV

ÅLong baseline experiment: 735 km

ÅAim: verify the nm­ntoscillationsat 
atmospheric Dm2 scale 

ÅHow: observe ntappearance onevent-by-
eventbasis in a conventional nmbeam

Low background environment 

Laboratori Nazionali del Gran Sasso (Italy)
Å1400 m rock overburden
Åatm. µ reduction ~ 106 [1µ/(m2Öh)]
Ålow radioactivity rock

Detector: 
ÅMassive (1.25 kt) and 
Åfine-grained (100mm) 
Åhybrid apparatus

ÅOptimized for nt
appearanceat LNGS

ÅMaximizethe number
of ntCC interactions

ⱨ▄ ⱨ▄ȾⱨⱧ 0.9 %

ⱨⱧȾⱨⱧ 2.1% 

ⱨⱲprompt negligible

[CERN-SPSC-2000-028, 2000]

threshold: 3.5 GeV [mt= 1.7 GeV]



The ntdetection technique
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ñlongò decays: kink

qkink

ñshortò decays: I.P.

Pb

10 X
0

Modular detector of bricks
[56 Lead-Emulsion Cloud Chambers (ECC) sandwiched]

the brick

Detect a few ⱨⱲ
╒╒amid 

the bulk of ⱨⱧ
╒╒

ⱨⱧ

Ⱨ

kink

multi-prong

Ⱳ

ⱨⱲ

ᴼ 17 %

ᴼἭ Ἥ 18 %
ᴼἰ ƴ 50 %
ᴼ ƴ 14 %



The OPERA detector
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Target section(6.7 x 6.7 m2):

ÅTarget
~625 ton
~75000 bricks in 27 walls
ÅTarget Tracker
31 XY doublets of 256 scintillator strips planes

Tracking of the target region
Brick selection
Calorimetry

Muon spectrometer (8 x 10 m2)

Å1.53 T magnet
Å22 XY RPC planes+ 
2 RPC planes rotated by 42.6̄
Å6 stationsof 4-fold  drift tubeslayers

mIdentification + 
charge and momentum measurements

Super Module 1 Super Module 2

Brick manipulatorsystem

+ several ancillary facilities άoff-siteέ: 

ÅAssembly of bricks (LNGS)

ÅBrick Manipulator System (LNGS)

ÅLabelling and X ray marking (LNGS)

ÅAutomatized development (LNGS)

ÅScanning of CS doublets (LNGS+JP)

ÅScanning bricks (European Labs + JP)

~ 3 o



Super Module 1 Super Module 2

ⱨⱲcandidate event

Location efficiency:
CC: 74 %
NC: 48 %

Changeable Sheets (CS) : 
the άbridgeέ from cmscale of 
electronics detectors to ⱧÍ
scale of emulsions.

CS

Event reconstruction
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Accuracyof 
predictionsfrom the
electronic detectors:
position: 1 cm
slope: 23 mrad



ⱨO

0) trackstaggedin the CS films followedupstreamto stoppingpoint

1) 1 cm³ volume centered in the stopping pointscanned and tracks reconstructed

2) cosmic ray tracks (from a dedicated exposure) used for the fine alignmentof films

3) passing through tracks discarded, the vertexingalgorithm reconstructs the vertex

4) Short-lived particle decays identified (decay search)

2 3

Vertex hunting in the brick
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nm­ntbackground characterization

8/13/2018 M.Tenti for OPERA Collaboration - NuFact 2018, Virginia Tech, Blacksburg, August 13-18, 2018 7

Monte Carlo simulation benchmarked on control samples
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ⱨⱧ
‘

Large angle muon scattering
Background for †O ‘

Hadronic interactions
Background for  †O Ὤ ⱨⱧ

ⱨⱧ

Ὤ

MC tuned on CHORUS data (cross section and 
fragmentation functions), validated with measured 
OPERA charm events.

Reduced by ''track follow down'', procedure and 
large angle scanning

CC with charm production(all channels) 

If primary lepton is not 
identified and the daughter 
charge is not (or incorrectly) 
measured

‘ȟὩ

ⱨⱧ,e

Ὀ
‘
Ὡ
Ὤ

FLUKA + pion test beam data

Reduced by large angle scanning and nuclear 
fragment search

Measurements in the literature (Lead form factor)

ImprovedMC simulations

[IEEE Trans.Nucl.Sci. 62 (2015) no.5, 2216-2225]

[PTEP9 (2014) 093C01]

[Eur.Phys.J. C74 (2014) 2986]

[JHEP 1311 (2013) 036]



The 5 years long CNGS run

Å1.8 ³1020 p.o.t. collected 
(80%of the design)

Å19505ninteractions 
in the emulsion targets.

Å5 candidate events fulfill kinematical 
selection [S/B ratio ~10]

Signal Background Modelization
- Multichannel (uncorrelated) counting model based on 

Poisson Statistics
- Gaussian for Background Uncertainties

fl tƻƛǎὲȟ‘ί ὦ Dŀǳǎὦ ȟὦȟ„

ⱧĄ strength of the signal (parameter of interest) 
with Ⱨ : background-only hypothesis
and  Ⱨ : nominal signal+background

test statistics: 
i) Profile Likelihood Ratio; 
iiύ CƛǎƘŜǊΩǎ ǊǳƭŜ ό‘ π .

ntappearance discovered
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Observed Data: 4 hadronic + 1 muoniccandidates

Background-only hypothesis:
Åp-value = 1.1 ³10-7

Åexcluded at 5.1ssignificance

Compatibility with 3noscillation:
‘ ρȢψ Ȣ

Ȣat 90% C.L

Probability of less likely data:
17% based on total number
6.4% if channels considered

[Phys. Rev. Lett. 115, 121802 (2015)]



The five ntcandidates observed
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Phys. Lett. B 691 (2010) 138

PTEP 2014 (2014) 10, 101C01

Phys. Rev. D 89 (2014) 051102

JHEP 11 (2013) 036

Phys.Rev.Lett. 115 (2015) no.12, 121802



Loosing nteventselection
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ÅLoose kinematical cuts: 
ÅMinimal requirements to identify the 

topologies showing 2 vertices
ÅNegligible additional background 

from K/pdecays

ÅIncreased statistics of the ˄ s̱ample: x2
ÅReduction of S/Bfrom ~10 to ~3

ᵼ Improvement in □ or 
alternatively Ɑmeasurement

ÅMultivariate approach (based on BDT)
ÅUse kinematical, topological variables and their correlations 

­ higher discrimination power

[Phys.Rev.Lett. 120 (2018) no.21, 211801]



Statistical Analysis and Results
[Phys.Rev.Lett. 120 (2018) no.21, 211801]

ÅLikelihood:

Åwhere

ÅTest statistic: profile likelihood ratio 

ÅUsing asymptoticapproximation [Eur.Phys.J.C71:1554,2011], 
null hypothesisexcludedwith 6.1ssignificance

ÅBest-fit signalstrength: 
Ⱨ Ȣ Ȣ

Ȣ

Ɑ Ȣ Ȣ
Ȣ ╬□

assumingmaximalmixing and ɝÍ ςȢυ ρπ Ὡὠ

„ τȢςω πȢπτρπ ὧά

◕□ Ȣ Ȣ
Ȣ ▄╥

assumingmaximalmixing 

first measurein appearancemode

Ⱨᶿ◕□ ẗⱭ



Peculiar event
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ÅMuon-less neutrino event

ÅMost probable topology: 
ninteraction vertex + 2 decay vertices

ÅRare topology not considered in the 
experiment proposal
(0.1 events expected in full data sample)

ÅAd hoc simulations +ANN (2 Layers MLP) to 
distinguish between possible interpretations:

ÅⱨⱲ╒╒ ╬

ÅⱨⱧ╒╒ ╬ ▐╪▀Ȣ░▪◄Ȣ

ÅⱨⱧ╝╒ ╬╬

ÅⱨⱲ╒╒ ▐╪▀Ȣ░▪◄Ȣ

ÅⱨⱧ╒╒ ▐╪▀Ȣ░▪◄Ȣ

ÅⱨⱧ╝╒ ▐╪▀Ȣ░▪◄Ȣ

Assumingthe event not beingntCC + charm: p-value~ 10-4­ Significance = 3.4ˋ

p
e

c
u
lia

r 
e
v
e

n
t

yzview
(vertical)

yzview
(horizontal)

ⱨⱲ╒╒ ╬▐╪►□ANN output



ne search
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ÅOPERA detector granularity allows e.m. shower id ­ne search.

ÅA dedicated procedure, balancing time need vs efficiency.

ÅProject vtx tracks
ÅFind cluster of 

similar slope CS tracks

Reconstruct 
e.m. shower

Exclude g

Contribution Expectations
w/o nmixing

Expectations
w/ stdnmixing

ⱨ▄ᴼⱨ▄ ⱨ▄ᴼⱨ▄ 30.7 31.1

t(unidentified) ­ e 0.7 0.7

p0­g(misidentified) 0.5 0.5

ⱨⱧᴼⱨ▄ ⱨⱧᴼⱨ▄ 0.0 2.0

Total 31.9 34.3

observed 35

Identify ne event

gidentified as e+e- pair

vertex

CS

Addition
Scan

vertex

CS

w/ stdnmixing

[JHEP 1806 (2018) 151]
[JHEP 1307 (2013) 004]

n
e
e
ve

n
ts

/1
0
 G

e
V

En(GeV)



nmdisappearance
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nmdisappearancesensitivity
limited by flux uncertainties
­ no NEAR detector

Ratio Ὑ of NC-like over CC-like mitigates
limitation dueto flux uncertainties

Electronic detector data:
smalleruncertainties w.r.t. emulsiondata

Test compatibilitywith expectation

for givenvaluesof ɝά

(assumingmaximalmixing)

□ Ȣ ▄╥ ͽ Ϸ╒Ȣ╛Ȣ

PRELIMINARY

Ὑ

Ὁ ὓὩὠ

ɝά Ὡὠ

p
-v

a
lu

e
expectationw/o oscillations
expectationw/ oscillations
data



Sterile neutrino search
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Some experimental results may hint to an
additional massive (~1 eV2) sterile neutrino

Mixing described by 4 x 4 matrix

OPERAcan test the sterile neutrino hypothesis looking for deviations from predictions of the 
standard flavors oscillations probability.

Predictions of the 3+1 model evaluated with GLOBES

LSND, MiniBooNE, Gallium 
and reactor anomaly 

ÅDm2
21 fixed to PDGvalue

ÅGaussian prior on Dm2
31

(PDGmean and sigma)

ÅMatter effects: constant Earth crust density 
(PREM onion shell model)

ÅDm2
41 > 0 favored by Вά result

from cosmological surveys 

ÅProfiled likelihood ratio l
(nuisance parameter profiled out)

ÅRepresentation: Ὗ Ὑ Ὑ Ὑ Ὑ Ὑ Ὑ

ne appearance

ntappearance

NC disappearance

nmdisappearance

[A&A 594, A13 (2016)]

[Phys. Earth Planet. Interiors 25 (1981) 297]



Χ ǿƛǘƘ nt
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nm­ntoscillation probability in presence of a sterile neutrino neglecting Dm2
21:

Effective parameters

ὅ ςὟ Ὗ

‰ ὃὶὫὟ ὟᶻὟᶻὟ

ÓÉÎς— ςὟ ȿὟ ȿ

~ standard oscillation pure exotic oscillation

Effective mixing parameter
(leading mixing term at SBL)

CP-violating
terms

Mass Hierarchy
dependence

[OPERA note 175]
[JHEP 1506 (2015) 069]



Χ ǿƛǘƘ nt
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ÅCountinganalysis

ÅBoth normal and inverted
neutrino mass hierarchies considered

ÅExclusion region on 
Dm2

41 vs sin22qmtplane

ÅEnergy selection(En< 30 GeV) 
maximizes sensitivity

Profiling out fmt
sin22qmt< 0.119
90% C.L

ὒ ╟▫░▼▪ȠⱧ ╖╪◊▼□ Ƞ□ ȟⱭ ἵ

m: expectation (GLoBES)
n: observation (data)

[OPERA note 175]
[JHEP 1506 (2015) 069]

ɝά ȟ„ PDG values

-2
ln
l

sin22qmt sin22qmt
0.1 0.2 0.0 0.1 0.20.0

0.0

 p

2p

f
m
t(

ra
d
)

At high Dm2
41

Update of
JHEP 1506 (2015) 069



Χ with ne
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Åne energydistribution used to obtain
exclusionregionon: 

Dm2
41 vs sin22qme

with sin22qme = 4|Um4|
2|U e4|

2

ὒ ╟▫░▼▪░ȠⱧ░ ▓░ ╖╪◊▼▓░ȠȟⱭ░

╖╪◊▼□ Ƞ□ ȟⱭ◕□

Systematics errors „due to:
ÅBeam and efficiencies uncertainties
Å20% En< 10 GeV & 10% En> 10 GeV
ÅBin-to-bin uncorrelated (conservative approach)

Prioron ɝά

ɝά ȟ„ from PDG

sin22qme < 0.022 @ 95%CL 
at high Dm2

41

[JHEP 1806 (2018) 151]



Combining ntand ne
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Exploitingsimultaneouslyresultsof 

Åntsearch: 10 candidates
Åne search: 35 candidates

Χ.

ɝ
ά

Ὡ
ὠ

ɝ
ά

Ὡ
ὠ

ÓÉÎς— ÓÉÎς—

sin22qme < 0.019 [90% C.L.]
@ Dm2

41~1 eV2

sin22qmt< 0.099 [90% C.L.]
@ Dm2

41~1 eV2

(Small) exclusionpower enhancement
w.r.t previousanalyses

Χ ǘƻ extractlimits on the parametersof 
the 3 + 1 neutrino model



Annual mrate modulation
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DT in the upper atmosphere
Ý variation in atm. density
Ý variation in pinteraction length
Ý variation in the fraction of 

mesons decaying before interacting

Annual modulation of mrate (Ὑ ) 

(More muons in summer than in winter)

20

2008     2009     2010     2011     2012    2013

PRELIMINARY

DAQ stop due 
to earthquakeὙ

Ὕ συωςdays

d ρȢυυ πȢπψϷ

‰ ρωχςdays

t (days)

Fit with: Ὑ Ὑ ὙÃÏÓὸ‏ ‰

‌
ῳὙ

ῳὝ
πȢωυ πȢπτ

Correlation of ╡Ⱨand the effective  

temperature (ὝὩὪὪ) ♪╣VS depth

Fixing period: f= 5th July



Atmospheric muon charge ratio 
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[Eur. Phys. J. C (2014) 74]

Å Highest-E regionreached

Å Opposite magnetpolarities runs
­ lower systematics

Å Strong reductionof the charge
ratio for multiple muonevents
Å single-m 1.377 °0.006
Å multi-m 1.098 °0.023

Å Resultscompatiblewith a 
simplep-K model

Å No significantcontributionof 
the prompt component up to 
Emcos q* ~10 TeV

Å Validityof Feynmanscalingin 
the fragmentationregionup to 
Em~20 TeV(EN~200 TeV)

single m

Ὢ πȢυυρςπȢππρτ
Ὢ πȢχπυπȢπρτ



Neutrino interactions multiplicity
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[Eur.Phys.J. C78 (2018) no.1, 62]

charged hadron 
multiplicity
distribution

average 
multiplicity ▪╬▐

as function of
■▪╦

W = invariant 
mass of the 

hadronic system

average 
multiplicity 

dispersion ╓╬▐
as a function 

of ▪╬▐

Koba-Nielsen-Olesen
(KNO) scaling 
distribution
verification



Conclusions
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ÅDiscovery of ˄˃ Ҧ ˄̱appearancein the CNGS neutrino beam: рΦмˋ

ÅLoose selection analysis increase discovery significance сΦмˋ
ÅMeasurement ƻŦ ɲƳ2

23 (first measurement in appearance mode)
ÅMeasurement of effectiventcross-section

ÅMuon-less double decay event has been reported. 
Favored interpretation ntCC interaction with charm production

ÅFinal results from ˄˃Ҧ ˄eoscillation search

ÅSearch for nmdisappearance
ÅUpperlimit on ɲƳ223

ÅConstraints on sterile neutrinos
from nm­ne , nm­ntand their combination 
in the 3+1 flavor model

ÅNon-oscillation Physics: 
Åatmospheric muons charge ratio
Åannual modulation of atmospheric muons rate
ÅNeutrino interactionschargedmultiplicity study



Thank you for your attention!

Image taken using OPERA nuclear emulsion film 
with a pinhole hand made camera
courtesy by Donato Di Ferdinando 
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Spares



LNGS OF INFN
The world largest underground physics laboratory

08/08/2018 Giovanni De Lellis, LNGS Seminar

OPERA

Å~180 000 m3cavernsô volume

Å ~3 100 m.w.e. overburden

Å ~1 cosmic ɛ / (m2 x hour) 

Åexperimental infrastructure suitable 

to host detector and related facilities

Åcaverns oriented towards CERN

26



CNGS PERFORMANCES
Along five years (2008 õ2012) of data taking 

Year Beam days p.o.t. (1019)

2008 123 1.74

2009 155 3.53

2010 187 4.09

2011 243 4.75

2012 257 3.86

Total 965 17.97

Record performances in 2011

Overall 20% less than the proposal value (22.5)

08/08/2018 Giovanni De Lellis, LNGS Seminar

2009

2010

2011

2012

2008

date

p.o.t. (1018)

27
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Å > 5 p.e.for a m.i.p. 

Å ~ 99% detection efficiency Ý trigger

Å position accuracy: ~ 8 mm 

Å angular accuracy: ~ 15 mrad

mechanical structure: 

brick trays, only 0.5% of target mass

08/08/2018 Giovanni De Lellis, LNGS Seminar

ů= 8 mm

SCINTILLATOR STRIPSTARGET TRACKER

AND BRICK TRAYS

NIM A577 (2007) 523
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THE MAGNETIC SPECTROMETER

Å 1.55 Tmagnetic field bending particles 

in the horizontal plane

Å 24 slabs of magnetized iron interleaved 

with RPC planes

Å 6 drift tube stations for precision 

measurement of the angular deflection

Åmomentum resolution: 

20% below 30 GeV

08/08/2018 Giovanni De Lellis, LNGS Seminar

Momentum xcharge for ɛ

New Journal of Physics 13 (2011) 053051
NIM A602 (2009) 631-634 



The heart of the experiment

30

THE ECC TARGET BRICKS

Emulsion Cloud Chamber

ECC

- passive material            lead

(massive target)

- tracking device             nuclear

(high resolution)  emulsions
нл ˃Ƴ

mip

electron 100 keV

sensitivity 30 grains/100 ɛm

high dE/dx tracks from nuclear evaporation

08/08/2018

NIM A556 (2006) 80-86

Å The OPERA target consists of 
150ô000 ECC bricks

Å Total lead surface: 105ô000 m2

Å Total film surface: 110ô000 m2

(~ 9 million films)

Å Total target mass ~ 1.2 kton

Giovanni De Lellis, LNGS Seminar

10 X0



08/08/2018 Giovanni De Lellis, LNGS Seminar 31

Average = 

1.18 kton

TARGET MASSEVOLUTION DURING RUNS



About ~ 4ô000ô000 cm2 of CS surface analysed

32

Two interface (changeable, CS) films packed in a 

detachable box, glued downstream of each brick

Alignment of CS films by Compton electrons: 2.5 ɛm

08/08/2018 Giovanni De Lellis, LNGS Seminar

INTERFACEFILMS
for the brick validation 

JINST 3 (2008) P07005 

Develop this brick



TRACK FOLLOW-UPAND VERTEX FINDING

08/08/2018 Giovanni De Lellis, LNGS Seminar 33

Track follow -up film by film: 

Å Brick exposure at the surface 

laboratory to cosmic-rays for 

alignment

Å Definition of the stopping point 

Volume scan: 

Å ~2 cm3 around the stopping point

s~2 µm



Vertex location efficiency
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08/08/2018 Giovanni De Lellis, LNGS Seminar 35

ÅPrimary vertex definition

- inspection of segments on the vertex plate

- impact parameter <10 (5+0.01 ȹz) ɛm, 

if ȹz<(Ó)500 ɛm

ÅExtra-track search

- selection of tracks reconstructed in the volume but not   
attached to primary vertex

- identification of e+e- pairs by visual inspection

ÅIn-track search

- search for small kinks along the tracks attached to the 
primary vertex

ÅParent search

- search for a track connecting the selected extra-track 
and the primary vertex

DECAY SEARCH
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ÅPrimary vertex definition

- inspection of segments on the vertex plate

- impact parameter <10 (5+0.01 ȹz) ɛm, 

if ȹz<(Ó)500 ɛm

ÅExtra-track search

- selection of tracks reconstructed in the volume                 
but not attached to primary vertex

- identification of e+e- pairs by visual inspection

ÅIn-track search

- search for small kinks along the tracks attached to the 
primary vertex

ÅParent search

- search for a track connecting the selected extra-track 
and the primary vertexA close-up of an electron pair 

1micron

Gamma-ray

DECAY SEARCH
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ÅPrimary vertex definition

- inspection of segments on the vertex plate

- impact parameter <10 (5+0.01 ȹz) ɛm, 

if ȹz<(Ó)500 ɛm

ÅExtra-track search

- selection of tracks reconstructed in the volume                 
but not attached to primary vertex

- identification of e+e- pairs by visual inspection

ÅIn-track search

- search for small kinks along the tracks attached to the 
primary vertex

ÅParent search

- search for a track connecting the selected extra-track 
and the primary vertex

DECAY SEARCH



CHARMED HADRON PRODUCTION

control sample for the Ű search
to check the efficiency Ą signal expectation

08/08/2018 Giovanni De Lellis, LNGS Seminar 38



CHARMED HADRON PRODUCTION

08/08/2018 Giovanni De Lellis, LNGS Seminar 39

Å Charm and Űdecays have the same topology 

Å Similar lifetime and masses

Å Charmed hadrons from ɜɛCC interactions 

Å Muonat the primary vertex

Å Used as ñcontrol sampleò 

Background from 

hadronicinteractions 

(87%) and strange 

particle decays (13%)

Eur. Phys. J. C74 (2014) 2986 

Good agreement between 

data and expectations

~10%
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K INEMATICAL VARIABLES
Fair agreement between data and Monte Carlo 

ū

ɛ

D, ȿc

Eur. Phys. J. C74 (2014) 2986 



08/08/2018 Giovanni De Lellis, LNGS Seminar 41

DATA ANALYSIS COMPLETED

7132 located interactions 

6785 decay search

2012

2011

2010

2009

2008
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COSMIC-RAY PHYSICS

Measurement of TeV atmospheric 

muoncharge ratio

Surface energy

Vertical surface energy

Eur. Phys. J. C74 (2014) 2933



COSMIC-MUON RATE AND TEMPERATUREDEPENDENCE

4
3

ÅGran Sasso underground~3800 m w.e.ŸMinimum muon energy~1.4TeV

ÅAtmospheric temperature increase Ÿ density decrease Ÿ increase the 

pion decay rate Ÿ muon rate increase

High W in high atmosphere ɸ high energy muons

08/08/2018 Giovanni De Lellis, LNGS Seminar



TRACK MULTIPLICITY DISTRIBUTIONS

REFLECTING THE DYNAMICS OF INTERACTIONS

4
4

Shower tracks Grey tracks

Nuclear evaporation 

and break-up tracks

Eur.Phys.J. C78 (2018) 

no.1, 62



MULTIPLICITY FEATURES

KNO Scaling

Eur.Phys.J. C78 (2018) no.1, 62

4
5



IMPROVEMENTSON THE BACKGROUND REJECTION
large angle track detection

08/08/2018 46

Undetected soft and large angle muonsare the source of charm background

Detection of particles and nuclear fragments in hadronicinteractions 

conventional
angle acceptance

μǘŀƴʻμҐ1.0

μǘŀƴʻμҐ2.0

μǘŀƴʻμҐ3.0

JINST 9 (2014) P12017

JINST 10 (2015) P11006 

extension

72 degrees!

Giovanni De Lellis, LNGS Seminar



CHARMED PARTICLES PRODUCTION
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Å Lifetimes and masses similar to the Ű

Å Background when the primary muonis not identified

ɜɛ
CC interactions with charm quark production 

derived from CHORUS measurements 

New J. Phys. 13 (2011) 093002

Good agreement in normalization and shape for the relevant kinematical 

variables in the charm detection and muonidentification

Constrain the background within 20%

Eur. Phys. J. C74 (2014) 2986 
New J. Phys. 13 (2011) 053051



BACKGROUND STUDIES: HADRONIC INTERACTIONS

Comparison of large data sample (p- beam test at CERN) with Flukasimulation 

check the agreement and estimate the systematic uncertainty

Black : p- beam data
Red : MC (FLUKA) simulation

Track length analysed in the brick:   

- 2  GeV/c : 8.5 m

- 4  GeV/c : 12.6 m

- 10 GeV/c : 38.5 m 

Giovanni De Lellis, MPP Colloquium08/08/2018 48

Interaction rate

PTEP 9 (2014)  093C01

Hadron  beam



10 GeV/c

SECONDARYTRACK EMISSION

10GeV/c4GeV/c2GeV/c
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Good agreement within the statistical error: systematic error ~ 30%

Multiplicity

Kink angle (1-prong)

Error bars : Experimental  data
Histogram : Simulated data



NUCLEAR FRAGMENTSEMISSION PROBABILITY

Black : experimental data

Red : simulated data (ɓ= p/E = 0.7)

Giovanni De Lellis, LNGS Seminar

Additional background reduction
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h

Nuclear 

Fragments

ɜ

NC

h

PTEP 9 (2014) 093C01

Highly ionizing fragments

150 ˃ Ƴ



4GeV/c2GeV/c 10GeV/c

NUCLEAR FRAGMENTS IN 1 AND 3 PRONG INTERACTIONS

Giovanni De Lellis, MPP Colloquium08/08/2018 51
Agreement within the statistical error: systematic error is 10%

ForwardBackward ForwardBackward ForwardBackward

Emission angle(cosq)

Multiplicity

Error bars : Experimental  data
Histogram : Simulated data

MC: b< 0.7
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asek et al.

LARGEANGLEɛSCATTERING

New estimate based on GEANT4 

- Simulation modified by introducing 

form factors (FF) for Lead

(Saxon-Woods parameterization) 

Nuclear FF

Proton FF

Combined FF

MC predictions compared to available data

NIM A243 (1986) 518

Phys. Rev. 122 (1961) 937

IEEE Transactions on 

Nuclear Science Vol. 62, 

No. 5, October 2015

7.3 GeV/c muonson Copper

2 GeV/c muonson Lead
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