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3 

•  In the last decades several experiments provided evidence for neutrino 
oscillations: conversion in-flight of lepton flavor 
–  3 neutrino paradigm well established 
–  mixing matrix parameters precisely measured 

       BUT 
•  A certain number of anomalies shows tensions with the 3 flavor 

framework, both in appearance and in disappearance modes 

Appearance 
anti-νμ  anti-νe νe , anti-νe   

Disappearance 
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Figure 18. The LSND L⌫/E⌫ distribution for events with R� > 10 and 20 < Ee < 60 MeV, where L⌫ is the
distance travelled by the neutrino in meters and E⌫ is the neutrino energy in MeV. The data agree well with
the expectation from neutrino background and neutrino oscillations at low �m2.

from 0.2 � 2.0 eV2, although a region around 7 eV2 is also possible.

B. The KARMEN Constraint

Description of the Experiment

The KARMEN experiment [393] made use of the ISIS rapid-cycling synchrotron, which acceler-
ates protons up to 800 MeV at an intensity of 200 µA. The protons are extracted from the syn-
chrotron at a frequency of 50 Hz as a double pulse consisting of two 100 ns pulses separated
by 325 ns. The two bursts, therefore, occur within 600 ns and lead to an overall duty factor of
about 10�5. After extraction, the protons interact in a water-cooled Ta-D2O target, producing about
(0.0448± 0.0030) ⇡+ per incident proton [388]. Due to the small duty factor, ⌫µ from ⇡+ decay can
be clearly separated from the ⌫̄µ and ⌫e from µ+ decay. The ⌫̄e/⌫̄µ background is estimated to be
6.4 ⇥ 10�4 [388], slightly smaller than for LSND.

The KARMEN detector, as shown in Fig. 20, is a segmented liquid scintillator calorimeter with
608 modules and a total mass of 56 t. The liquid scintillator is made of para�n oil (75% vol.),
pseudocumene (25% vol.), and PMP (2 g/l). The modules are read-out by pairs of 3-inch PMTs
and are enclosed by a tank with outside dimensions 3.53 m ⇥ 3.20 m ⇥ 5.96 m. Excellent energy
resolution is obtained for electrons produced inside the detector and can be parametrized by �E =
11.5%/

p
E/MeV. Gadolinium-coated paper was inserted between the modules for the detection

of thermal neutrons. The detector is enclosed by a multilayer active veto system and 7000 t of steel

69

Reactor anomaly,  
Gallium anomaly (Gallex, SAGE) 
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Sterile neutrinos 
•  Anomalies point toward a new parameter region Δm2 ~ eV2 

–  “only” 3 active neutrinos (Nactive = 3, bound by the the Z invisible decay 
width measured at LEP)    

          Sterile neutrino hypothesis [Pontecorvo, JETP 26 (1968) 984] 
•  The new model should include the standard 3ν framework 

  Perturbation of 3ν mixing 

•  OPERA can test the sterile neutrino hypothesis in the ντ appearance 
channel looking for deviations from the standard 3ν model 
 (in addition to the νe appearance channel) [JHEP 4 (2013) 1307] 
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Beyond Three-Neutrino Mixing: Sterile Neutrinos
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Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

C. Giunti − Status of Light Sterile Neutrinos − EPS-HEP 2015 − 23 July 2015 − 3/15

C. Giunti @ EPS-HEP 2015 



The OPERA experiment 

Full coverage of the parameter space for the atmospheric neutrino sector 

 Main physics goal: prove (standard) νµ  ντ oscillations in appearance mode 

•  Long baseline neutrino oscillation experiment located in the CNGS (CERN 
  Neutrinos to Gran Sasso) νµ beam 
•  Direct search for νµ  ντ oscillations detecting the τ lepton produced in ντ 	


   CC interactions (appearance mode) 

5 26 August 2015 N. Mauri, ICNFP 2015 

6

ln
L

∆
-2

0

1

2

3

4

68% CL

90% CL
crit.lnL∆-2

lnL∆-2

0 1 2 3 4

)
23

θ(2sin
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

)
4

/c
2

 e
V

-3
 [

IH
] 

(1
0

1
3

2
m

∆
 [

N
H

]/
3
2

2
m

∆

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

10×

68% (dashed) and 90% (solid) CL Contours

T2K [NH] T2K [IH]

SK I-IV [NH] MINOS 3-flavor+atm [NH]

0

0

FIG. 3. The 68% and 90% C.L. confidence regions for
sin2(✓

23

) and �m2

32

(NH) or �m2

13

(IH). The SK [49] and MI-
NOS [7] 90% C.L. regions for NH are shown for comparison.
T2K’s 1D profile likelihoods for each oscillation parameter
separately are also shown at the top and right overlaid with
light blue lines and points representing the 1D �2� lnL

critical

values for NH at 68% and 90% C.L.

sis employing a binned likelihood ratio gave consistent
results. Also shown are 90% confidence regions from
other recent experimental results. Statistical uncertain-
ties dominate T2K’s error budget.

We calculate one-dimensional (1D) limits using a new
method inspired by Feldman-Cousins [47] and Cousins-
Highland [48] that marginalizes over the second oscilla-
tion parameter. Toy experiments are used to calculate
�2� lnL

critical

values, above which a parameter value is
excluded, for each value of sin2(✓

23

). These toy experi-
ments draw values for �m2

32

or �m2

13

in proportion to
the likelihood for fixed sin2(✓

23

), marginalized over sys-
tematic parameters. The toy experiments draw values
of the 45 systematic parameters from either Gaussian or
uniform distributions. We generate �m2

32

or �m2

13

lim-
its with the same procedure. Figure 3 shows the 1D
profile likelihoods for both mass hierarchies, with the
�2� lnL

critical

MC estimates for NH.
The 1D 68% confidence intervals are sin2(✓

23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) and �m2

32

= 2.51 ± 0.10
(�m2

13

= 2.48 ± 0.10) ⇥10�3 eV2/c4 for the NH (IH).
The best fit corresponds to the maximal possible disap-
pearance probability for the three-flavor formula.

E↵ects of multinucleon interactions.—Inspired by
more precise measurements of neutrino-nucleus scatter-
ing [50–53], recent theoretical work suggests that neu-
trino interactions involving multinucleon mechanisms
may be a significant part of the cross section in T2K’s
energy range and might introduce a bias on the oscilla-
tion parameters as large as a few percent [28–43]. We
are the first oscillation experiment to consider the poten-
tial bias introduced by multinucleon interactions includ-
ing potential cancellation from measurements at the near
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FIG. 4. The di↵erence between the reconstructed energy
assuming QE kinematics and the true neutrino energy. True
QE events with energies below 1.5 GeV show little bias while
multinucleon events based on [43] and NEUT pionless� decay
(shown scaled up by a factor of 5) are biased towards lower
energies.

detector. At T2K beam energies most interactions pro-
duce final-state nucleons below SK’s Cherenkov thresh-
old, making multinucleon interactions indistinguishable
from quasielastic (QE) interactions. Even if the addi-
tional nucleon does not leave the nucleus, the multi-
nucleon mechanism alters the kinematics of the out-
going lepton, distorting the reconstructed neutrino en-
ergy which assumes QE kinematics (see Fig. 4) in addi-
tion to increasing the overall QE-like event rate.

The T2K neutrino interaction generator, NEUT, in-
cludes an e↵ective model (pionless � decay) that models
some but not all of the expected multinucleon cross sec-
tion. In order to evaluate the possible e↵ect on the oscil-
lation analysis, we perform a Monte Carlo study where
the existing e↵ective model is replaced with a multi-
nucleon prediction based on the work of Nieves [43] going
up to 1.5 GeV in energy. We used this modified simu-
lation to make ND280 and SK fake data sets with ran-
domly chosen systematic uncertainties but without sta-
tistical fluctuations, and performed oscillation analyses
as described above on each of them, allowing ND280 fake
data to renormalize the SK prediction. The mean biases
in the determined oscillation parameters are < 1% for
the ensemble, though the sin2(✓

23

) biases showed a 3.5%
rms spread.

Conclusions.—The measurement of sin2(✓
23

) =
0.514+0.055

�0.056 (0.511 ± 0.055) for NH (IH) is consistent
with maximal mixing and is more precise than pre-
vious measurements. The best-fit mass-squared split-
ting is �m2

32

= 2.51 ± 0.10 (IH: �m2

13

= 2.48 ±
0.10) ⇥10�3 eV2/c4. Possible multinucleon knockout in
neutrino-nucleus interactions produces a small bias in the
fitted oscillation parameters and is not a significant un-
certainty source at present precision.

We thank the J-PARC sta↵ for superb accelerator per-
formance and the CERN NA61 collaboration for pro-
viding valuable particle production data. We acknowl-
edge the support of MEXT, Japan; NSERC, NRC, and

See tomorrow talk: Results from the OPERA experiment at the CNGS beam 
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Appearance detection 
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Neutrino)
Oscilla/on)

))))))))))))))decay) ντ 

~1 mm 

µ-,)h4),e4)

ντ)CC)int##

νµ) ντ#
τ �)

oscillation CC interaction decay 

~1 mm 

Direct observation of νµ  ντ oscillation 

                                                                   Large mass ~O(kton) 
   signal selection and background rejection   High granularity ~1µm resolution 

Emulsion Cloud Chamber 
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Neutrino interaction detector (ECC) 
•  Target basic unit: brick of 57 nuclear  
emulsions interleaved by lead plates  
+ 2 interface emulsions (CS) 
  high resolution and large mass in a 
modular way 
•  unambiguous measurement of the kink 

•  “stand-alone” detector 

ν"

125 mm 

100 mm 

75.4 mm 
= 10 X0 

Brick weight = 8.3 kg 

A. Di Crescenzo, ICPP-Istanbul II

The target 
Made of ~150000 ECC bricks

Antonia Di Crescenzo

125 mm

100 mm

75.4 mm
 

Il bersaglio del neutrino

materiale passivo 
     (massa elevata)

sistema tracciante 
     (alta risoluzione)

Emulsion Cloud Chamber

(ECC)

piombo

emulsioni nucleari

57 film di emulsione

56 lastre di piombo

2 film di interfaccia (CS)

8.3 kg

10 X0

Mattone

L’elemento fondamentale: il mattone

Antonia Di Crescenzo

Pb

film di emulsione

!
"

1 mm

!

misura di quantità di moto 
mediante diffusione 

coulombiana multipla

identificazione di sciami 
elettromagnetici

Brick

•57 emulsion films

•56 lead plates

•1 Changeable Sheet doublet

•10 X0

•8.3 kg

Emulsion Cloud Chamber
ECC

passive material
(massive target)

tracking device
(high resolution)

 lead 

nuclear emulsion 

•1

•ff

momentum 

measurement by MCS

electromagnetic shower 

identification
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Antonia Di Crescenzo

125 mm

100 mm

75.4 mm
 

Il bersaglio del neutrino

materiale passivo 
     (massa elevata)

sistema tracciante 
     (alta risoluzione)

Emulsion Cloud Chamber

(ECC)

piombo

emulsioni nucleari

57 film di emulsione

56 lastre di piombo

2 film di interfaccia (CS)

8.3 kg

10 X0

Mattone

L’elemento fondamentale: il mattone

Antonia Di Crescenzo

Pb

film di emulsione

!
"

1 mm

!

misura di quantità di moto 
mediante diffusione 

coulombiana multipla

identificazione di sciami 
elettromagnetici

emulsion films

300 μm

1 mm 

Pb Pb Pb 

τ"

205 µm 

(44 µm) 
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SM1 
SM2 

Total target mass = 1.25 ktons 

Target section: 
27 brick walls (75000 bricks) 
31 Target Tracker walls (TT)  

Magnetic spectrometer: 
22 RPC planes  
6 drift tube layers (PT stations) 

Brick selection 

µ ID, charge, momentum 

Calorimetry 

Neutrino interaction trigger 

ν	



B = 1.53 T 

Brick: ECC target basic unit  
(57 nuclear emulsion films + 
56 lead plates) 

OPERA general structure 
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OPERA: an hybrid detector 

Target 
bricks walls + Target Tracker 

ν!

Target 
bricks walls + Target Tracker 

Spectrometer 
RPC + drift tubes 

Spectrometer 
RPC + drift tubes 

SM 1 SM 2 

26 August 2015 N. Mauri, ICNFP 2015 

See tomorrow talk: Results from the OPERA experiment at the CNGS beam 
@ Plenary Session 3 
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νµ → ντ : Results 

[Δm2	
  =	
  2.44	
  ×	
  10-­‐3	
  eV2]	
  

1)   τ → 1h 
2)   τ → 3h 
3)   τ → µ	


4)   τ → 1h 
5)   τ → 1h 

p-value (likelihood ratio): 	
  1.1	
  ×	
  10-­‐7	
  

Significance:  	
  5.1σ	



Compatible with 
expectations from 
standard 3ν model 

Accepted by PRL, arXiv:1507.01417 

Exposure 17.97	
  × 1019 p.o.t. 

Interactions in target volume 19505 

Located interactions 6932 

Background	
  

Discovery of tau neutrino appearance visible energy 
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5 ντ candidates 
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 Consider a new mass eigenstate m4 with Δm2
41 up to a few eV2, 

almost exclusively composed by a flavour sterile eigenstate,	
  νs	
  

 4 x 4 mixing matrix parameterized by a product of  
   complex rotational matrices 

 Number of expected events evaluated as: 

 Both Normal and Inverted mass Hierarchies considered 

Ue1 Ue2 Ue3 Ue4
Uµ1 Uµ2 Uµ3 Uµ 4

Uτ1 Uτ 2 Uτ 3 Uτ 4

Us1 Us2 Us3 Us4

!

"

#
#
#
#
#

$

%

&
&
&
&
&

Tau appearance in the 3+1 model 
Sterile hypothesis test: standard 3ν + 1 sterile 

Parameters of interest 
in ντ appearance 

Beyond Three-Neutrino Mixing: Sterile Neutrinos

ν1

m2
1 logm2m2

2

ν2 ν3

m2
3

νe

νµ

ντ
νs1 · · ·

ν4 ν5 · · ·

m2
4 m2

5

νs2

3ν-mixing

∆m2
ATM ∆m2

SBL∆m2
SOL

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

C. Giunti − Status of Light Sterile Neutrinos − EPS-HEP 2015 − 23 July 2015 − 3/15

µ = Nbkg + K ∫ φ(E) Pµτ(E) σ(E) ε(E) dE 

Δm2
41 > 0 [Δm2

41 < 0 disfavoured by cosmological limits on Σmν] 

[Δm2
31 > 0 (NH), Δm2

31 < 0 (IH)]  
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Effective mixing 

Oscillation probability in presence of a sterile neutrino becomes:	
  

µτ	



3+1 Model 

neglecting solar driven 
 oscillation Δ21 ~ 0 

�ij =
�m2

ijL

2E

~ standard oscillation   pure exotic oscillation   
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Effective mixing 
parameter 

(leading mixing 
term at SBL) 

Sterile effective mixing 
Oscillation probability in presence of a sterile neutrino becomes:	
  

~ standard oscillation   pure exotic oscillation   

interference terms 

�ij =
�m2

ijL

2E

C = 2|Uµ3||U⌧3|
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?
⌧3U

?
µ4U

?
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Effective mixing 

µτ	



neglecting solar driven 
 oscillation Δ21 ~ 0 
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dependence 

Mass hierarchy 
Oscillation probability in presence of a sterile neutrino becomes:	
  

~ standard oscillation   pure exotic oscillation   

interference terms 

�ij =
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neglecting solar driven 
 oscillation Δ21 ~ 0 
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CP-violating 

CP-violation 
Oscillation probability in presence of a sterile neutrino becomes:	
  

~ standard oscillation   pure exotic oscillation   

interference terms 
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� = Arg(U?

µ3U
?
⌧3U

?
µ4U

?
⌧4)

sin 2✓µ⌧ = 2|Uµ4||U⌧4|

Effective mixing 

µτ	



neglecting solar driven 
 oscillation Δ21 ~ 0 
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  Use GLoBES to evaluate  
number of expected events 

  Δm2
21 set costant to  
7.54 x 10-5 eV2 

  Δm2
31 assumed Gaussian  

  NH: (2.47 ± 0.06) x 10-3 eV2 

  IH: (-2.34 ± 0.06) x 10-3 eV2 

  Likelihood 

L = Poisson(n|µ) x Gaus(Δm2
31) 

  Test statistic:  

profile likelihood ratio 

 Not interesting parameters  
 profiled out  

OPERA note 175 
(http://operaweb.lngs.infn.it/Opera/publicnotes/OPERA-public-note-175.pdf) 

N. of expected events 

NH IH 

New results 
5 ντ candidates 
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Δm2
41 < 0 (disfavoured by cosmological 

limits on Σmν) gives similar results with 
hierarchies inverted 
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P (Energy) = C2
sin

2 �31
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+
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Profiling out C and fixing Δm2
31  

to the PDG 2014 best fit value 

Profiling out φµτ	



sin22θµτ	
  <	
  0.119	
  at	
  90%	
  C.L.	
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New results 
5 ντ candidates 

At Long-Baseline and high Δm2
41 

(eV scale mass):  sin�41 ⇡ 0

sin2 �41

2
⇡

1

2
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Conclusions 

26 August 2015 N. Mauri, ICNFP 2015 

  OPERA was designed to observe νµ → ντ oscillations in appearance mode in the 
atmospheric sector  

  Currently 5 ντ event candidates were identified with a background 
expectation of 0.25 events  5σ discovery of tau neutrino appearance! 

  The sterile mixing at eV mass scale can be studied also at Long-Baseline νµ beams 
  OPERA sterile search in appearance mode provides a complementary 
measurement w.r.t. disappearance experiments   

  3+1 sterile neutrino working hypothesis  
    derived exclusion regions for oscillation parameters 

  90% C.L. exclusion region on Δm2
41  

 lowered down to 10-2 eV2 for sin22θµτ > 0.5 

  At large Δm2
41:  sin22θµτ < 0.119 at 90% C.L.  

OPERA 
Preliminary 
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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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Back Up 
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Results based on 4 taus’ candidates published in JHEP 06 (2015) 069 

sin22θµτ < 0.116 at 90% C.L.  
when integrating over φ	


(quasi-equal results for NH and IH) 

For|Δm2
41| > 1 eV2 

Published Results 
4 ντ candidates 

Results given in terms of an effective mixing parameter 

 sin22θµτ = 4|Uµ4|2|Uτ4|2      

which is the leading mixing term at short baseline experiments 


