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CC int in OPERA detector

𝝂𝝂𝒆𝒆 + �𝝂𝝂𝒆𝒆 /𝝂𝝂𝝁𝝁 0.9%

�𝝂𝝂𝝁𝝁/𝝂𝝂𝝁𝝁 2.1% 

𝝂𝝂𝝉𝝉 prompt (from 𝑫𝑫𝑺𝑺) negligible



ν

Target = 150k ECC bricks ( initial mass ~1.25kt )

Target ( ECC+TT ) Muon spectrometer

ECC bricks containing ν int 
are extracted 

and analyzed regularly. 

ECC brick → 8.3kg, 10X0
57 emulsion plates are interleaved 

with 56 Pb plates of 1mm thick

ν

ν
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2008 2009 2010 2011 2012 Total
POT (´1019) 1.74 3.53 4.09 4.75 3.86 17.97

n interactions 1698 3693 4248 5131 3923 19505

analyzed 
events

0m 150 255 278 291 223 1197
1m 543 1024 1001 1031 807 4406

Total 693 1279 1279 1322 1030 5603



Phys. Lett. B691(2010)138
JHEP 11(2013)036

Phys. Rev. D89(2014)051102

PTEP 2014(2014)10,101C01 Phys. Rev. Lett. 115(2015)no.12,121802



5 ντ events observation with background 0.25 events
Pvalue = 1.1 x 10-7 → 5.1σ significance



PRL 120,211801(2018)

n Minimum selection 
to limit contribution from had. int. 
and large angle scattering bkg

n Negligible additional background 
from K/π decays 

n S/B reduced from ~10 to ~3

8.8 events expected → 10 events observed



event 11172035775
event 11143018505

event 9190097972 event 10123059807

event 11213015702



The BDT response is a value between 
+1(signal-like) and -1(background-like)

PRL 120,211801(2018)

Kinematical variables 
used for the analysis.
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channels

signalstrangth
true bkg

(floating param)

expected signal

observed events 
in the cth channel

expected bkg

uncertainty on 
expected bkg

BDT response

𝑓𝑓𝑐𝑐 𝑥𝑥𝑐𝑐𝑖𝑖 =
𝜇𝜇𝑃𝑃𝑐𝑐

𝜇𝜇𝑃𝑃𝑐𝑐 + 𝛽𝛽𝑐𝑐
𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐

𝑠𝑠𝑖𝑖𝑠𝑠 +
𝛽𝛽𝑐𝑐

𝜇𝜇𝑃𝑃𝑐𝑐 + 𝛽𝛽𝑐𝑐
𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐

𝑏𝑏𝑏𝑏𝑠𝑠

Test statistic : likelihood ratio     
Results : 𝜇𝜇 = 1.1−0.4

+0.5

𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 4 × 10−10

Significance = 6.1σ
PRL 120,211801(2018)



τ→h decay vertex
n θkink = 90mrad

→ 𝑃𝑃⊥ = 240𝑀𝑀𝑀𝑀𝑀𝑀
n Flight length = 1160μm
n γ attached ( IP = 8±8 μm )

event 11143018505



Leading Feynman Diagram

sample expected events( x10-3 )

ντCC+charm 45

νμCC+charm+hint 21

νμNC+c�c 13

ντCC+hint 9

νμCC+2hint 4

νμNC+2hint 4

Total 100

This event



Assumptions : 
n maximal mixing  → 𝑃𝑃𝑃𝑃𝑛𝑛2 2𝜃𝜃23 = 1
n ντ cross section as in Genie v2.6 default → 𝜎𝜎𝐺𝐺 = 4.29 ± 0.04 × 10−36𝑐𝑐𝑐𝑐2

∆𝑐𝑐23
2 = 2.7−0.6

+0.7 × 10−3𝑀𝑀𝑀𝑀2

( 68% C.L. )

PRL 120,211801(2018)

𝑁𝑁𝜈𝜈𝜏𝜏 ∝ 𝑃𝑃 𝜈𝜈𝜇𝜇 → 𝜈𝜈𝜏𝜏 × 𝜎𝜎𝜈𝜈𝜏𝜏



First measurement with negligible contamination from anti-ντ

𝜎𝜎 𝑚𝑚𝑣𝑣𝑣𝑣𝑠𝑠 = 5.1−2.0
+2.4 × 10−36𝑐𝑐𝑐𝑐2

= 1.2−0.5
+0.6 𝜎𝜎𝐺𝐺

𝜎𝜎 𝑚𝑚𝑣𝑣𝑣𝑣𝑠𝑠 =
𝑁𝑁𝑜𝑜𝑏𝑏𝑠𝑠 − 𝑁𝑁𝑣𝑣𝑒𝑒𝑒𝑒𝑒𝑒 / 𝜀𝜀𝑁𝑁𝑇𝑇
∫Φ𝜈𝜈𝜇𝜇 𝐸𝐸 𝑃𝑃𝜈𝜈𝜇𝜇→𝜈𝜈𝜏𝜏 𝐸𝐸 𝑑𝑑𝐸𝐸

𝜀𝜀 = 0.12 overall efficiency
𝑁𝑁𝑇𝑇 ∶ Lead nuclei in the volume

assumptions : Δ𝑐𝑐23
2 = 2.50 ± 0.04 × 10−3𝑀𝑀𝑀𝑀2 (𝑃𝑃𝑃𝑃𝐺𝐺), 𝑃𝑃𝑃𝑃𝑛𝑛22𝜃𝜃23 = 1

PRL 120,211801(2018)



Phys. Rev. D89(2014)051102

Muon chrge is negative 
with Pμ=2.8±0.2GeV/c

A significance of having observed τ-→μ- is 3.7σ. 
First direct evidence for the ντ lepton number

“�𝜈𝜈𝜏𝜏 CC int due to 𝜈𝜈𝜇𝜇→�𝜈𝜈𝜏𝜏 oscillations, 
with its μ’s charge is

mis-identified or not-measured” 
is also taken into account in BG. 

= 0.0024±0.0005



𝜈𝜈𝑣𝑣 , �𝜈𝜈𝑣𝑣 from beam contamination 30.7±0.9(stat) ±3.1(sys)

𝜋𝜋0 0.5±0.5(stat)

𝜈𝜈𝜏𝜏 from 3-flavor osc. ( 𝜏𝜏 → 𝑀𝑀 ) 0.7±0.2(sys)

Total expected bg 31.9±1.0(stat) ±3.1(sys)

Expected in case of 3-flavor osc. 34.3±1.0(stat) ±3.4(sys)

Data 35

Reconstructed Energy (GeV)
JHEP06(2018)151

Excluded 
for 3+1 mixing model





Thank you for your attention!

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



backup slides



“golden” → candidates passing the tight selection cuts
“silver”→ newly found candidates with looser cuts



BDT responses for all decay channels

PRL 120,211801(2018)
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