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What is “oscillation”?? 

The is not the same as the  

Mixing matrix (Pontecorvo-Maki-Nakagava-Sakata=PMNS) 



Maximal effect when 
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L – dist. to the detector 
E  -  neutrino energy 
 

νe = cosϑ ν1 + sinϑ ν2
νµ = −sinϑ ν1 + cosϑ ν2



Sensitivity to oscillations 
     energy - E and  
distance L define  
range of sensitivity 

Εν   (MeV)    L (m)       
Supernovae  <100      >1019 10-19  - 10-20 

Solar    <14        1011     10-10   ??? 
Atmospheric  >100    104 -107  10-3-10-4 
Reactor    <10       <106       10-5 

Accelerator – SB  >100         103       10-1 

Accelerator – LB     >100       <106       10-3 
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Two mass differences and three neutrino types oscillatimg 
       !  full description in 3x3 oscillation matrix,  
             ! studies in many experiments to get full picture…. 



Neutrino oscillations  
               – picture as of today 

FLAVOR MASS 

„atmospheric�  
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PMNS mixing matrix 

1.2 Neutrino oscillations and CP violation in the lepton sector 15

must presently be performed twice, once for each of the mass hierarchy hypothesis. Displaying for

instance the results of one such analysis [8], the global current knowledge on the solar sector can be

summarized to:

sin2 ⇥12 = 0.320+0.015
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and the current knowledge on the atmospheric sector is (considering both signs of �m2
31 separately):
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Finally, the current knowledge on the 1-3 sector, also depending on the assumed sign of �m2
31, is:

sin2 ⇥13 =

�
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0.027+0.003
�0.004 for�m2

31 < 0

⇥
⌥⌃

⌥⌅
1� 3 sector, (1.8)

dominated by the precise measurements at the recent reactor experiments Double-CHOOZ, Daya Bay

and RENO:

sin2 (2⇥13) |Double�CHOOZ = 0.086± 0.041(stat)± 0.030(syst) (1.9)

sin2 (2⇥13) |Daya Bay = 0.092± 0.016(stat)± 0.005(syst) (1.10)

sin2 (2⇥13) |RENO = 0.113± 0.013(stat)± 0.019(syst) (1.11)

The present level of understanding of the PMNS matrix represents an incredible experimental

achievement, which was essentially initiated with the first atmospheric results of Superkamiokande

in 1998 [29], complemented by the spectacular solar neutrino observations, then completed by long

baseline measurements at accelerators and reactors. During the last decade progress has been striking,

yielding today’s impressive accuracies on the parameters, opening a new window to explore BSM

physics.

When globally fitted to all available data, the oscillation parameters are constrained with the

following relative precisions (see e.g. [7]): �m2
21 (3%), �m2

31 (4%), sin2 ⇥12 (5%), sin2 ⇥13 (15%), and

sin2 2⇥23 (15%). Perhaps not surprisingly, the determination of the �CP is an area where global fits by

di⇥erent authors give di⇥erent ranges at the ⇧ 1⇤ C.L. However, when considering >⌅ 2⇤ C.L. all data
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mixing angles, squared mass differences, CP 
violation phase - fundamental parameters of nature 

 



What we know about each sector? 
1-2 – solar neutrinos 
 

 

!  observations in radio-chemical 
experiments (counting interactions, no 
time and direction information 

!  First data – Davis experiment  

measurements 

Neutrino deficit 

Contribution calculated from 
 „SSM” - Standard Solar Model (SSM): 



7 Super-K: neutrino’s arriving from the Sun  

signal 

      back- 
     ground 

Real size of the Sun only 
– ½ pixel. The smearing is 
due to electon scattering 

Here also observed number of neutrinos is too small 
Observed about ½ of what was expected 

neutrino deficit  
….again... 

ν + e ! ν + e 

Cherenkov 
detector 

Scattering 
on electrons 



        Solution – SNO experiment  - heavy   
                   ( ½ Nobel Prize 2015 )                                  water 

φe = const

0.155•φµτ +φe = const

SNO experiment : measurement sensitive to 3 reactions 
Including sensitivity to Neutral Currents " it “sees all neutrinos” 

φµτ +φe = const

       
Here it is seen directly that νe flux is smaller than expected from Solar Model, 
but sum over 3 ν flavours gives expected flux 



Parameters for 1-2 sector: 
!  From sensitivty for Sun-Earth 

distance – expected 10-10eV 

!  Why it is different? 

   we needed to make correction for 

            MATTER EFFECTS 

! Moddifivation of potential due to 
electrons density in matter 

KAMLAND – sector 1-2 for anti-neutrinos from reactors 
Obs/exp = 0.631 +/- 0.014 (stat) 
                            +/- 0.027 (syst) 
Corresponding to   
              exclusion of non-oscillation at  
                  10.2  σ   CL 
 

no matter 
effects !!! 

2 



Determination 
of 1-2 mixing 

!  Kamland - for anti-neutrinos 

Assuming same values for 
Neutrinos and anti-neutrinos 
 
We obtain: 



R = (µ / e)data
(µ / e)MC

= 0.638±0.016±0.050 RhighE =
(µ / e)data
(µ / e)MC

= 0.658−0.028
+0.030 ±0.078

Compare νµ to νe- take  ratios to cancel out errors on absolute  neutrino fluxes: 

Too few muon neutrinos observed! 

Observation of  strong  
UP-DOWN asymmetry 

Sector 2-3  ! first signal – atmospheric neutrinos 

studies of background for proton decay  



Evidence for Oscillation  
of Atmospheric Neutrinos 

Plot showing oscillations 
for muon neutrinos from  
historical publication 

interpretation of the deficit 
of    after passing the Earth  νµ

 
νµ →ν x

What is x ? 
Not e as we do not 
observe access of  νe

So we observe  νµ →ντ

 

νµ + N → µ− + X

ντ + N → τ− + X

The neutrino interaction in SK 
is identified by observation 
of a charged lepton But               , so  mµ <<mτ

if energy is too small 
to produce         is  
           not observed     

τ ,ντ

This is why νµ are “missing” 

L/E 



Present knowledge about 2-3 
sector parameters: 

Most precise measurement Summary of  present knowledge: 

Beam energy and distance tuned 
To get maximal oscillation effect 



1-3 ... and ways of measuring θ13
!   disappearance -> reactor experiments 

!   appearance -> long-baseline experiments with νµ 
beam 

P(νµ →νe ) = sin
2 2θ13 sin

2θ23 sin
2 1.27Δm23

2L / E( )Le
ad

in
g 

te
rm

s!
 

νe →νe

νµ →νe



Sector 1-3  
reactor data 

  Daya Bay, RENO, Double CHOOZ 
  most precise measurements of θ13 

far and near  
detectors 



Observation in muon-neutrino beam 
Selecting candidates for                selecting candidates for  
       electrons                                                muons 
 

appearance disappearance 



What’s next? 

CPV 

MH 

P νµ →νe( ) vs. P νµ →νe( )

Measurement strategies (for LBL): 
•  Looking for appearance 

•  The longer the baseline the better (matter effects!) 
•  Study more than one oscillation maximum to disentangle the effects 



CPV and MH 
In long baseline neutrino 
experiments 
! Many contributions, for precisions 
all need to be considered 
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III. PHYSICS POTENTIAL

A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment

If a finite value of ⇥13 is discovered by the ongoing and near-future accelerator and/or reactor

neutrino experiments [46–50], the next crucial step in neutrino physics will be the search for CP

asymmetry in the lepton sector. A comparison of muon-type to electron-type transition probabil-

ities between neutrinos and anti-neutrinos is one of the most promising methods to observe the

lepton CP asymmetry. Recent indication of a nonzero, rather large value of ⇥13 [1] makes this

exciting possibility more realistic with near-future experiments such as Hyper-Kamiokande.

In the framework of the standard three flavor mixing, the oscillation probability is written using

the parameters of the MNS matrix (see Sec. IA 1), to the first order of the matter e⇥ect, as [51]:

P (⇤µ ⌅ ⇤e) = 4C2
13S

2
13S

2
23 · sin2�31

+8C2
13S12S13S23(C12C23 cos � � S12S13S23) · cos�32 · sin�31 · sin�21
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13C12C23S12S13S23 sin � · sin�32 · sin�31 · sin�21

+4S2
12C

2
13(C

2
12C

2
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12S
2
23S

2
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13S

2
13S

2
23 ·

aL

4E⇥
(1� 2S2

13) · cos�32 · sin�31

+8C2
13S

2
13S

2
23

a

�m2
31
(1� 2S2

13) · sin2�31, (3)

where Cij , Sij , �ij are cos ⇥ij , sin ⇥ij , �m2
ij L/4E⇥ , respectively, and a[eV2] = 7.56 ⇤ 10�5 ⇤

⌅[g/cm3] ⇤ E⇥ [GeV]. The parameter � is the complex phase that violates CP symmetry. The

corresponding probability for ⇤µ ⌅ ⇤e transition is obtained by replacing � ⌅ �� and a ⌅ �a.

The third term, containing sin �, is the CP violating term which flips the sign between ⇤ and ⇤̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e�ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e⇥ect is proportional to the neutrino energy at a fixed value of

L/E⇥ .

Figure 16 shows the ⇤µ ⌅ ⇤e and ⇤µ ⌅ ⇤e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ⇥13 and � assumed in

this section are summarized in Table VII. The value of sin2 ⇥23 is set to the maximal mixing, as
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of asymmetry due to the matter e⇥ect is proportional to the neutrino energy at a fixed value of

L/E⇥ .

Figure 16 shows the ⇤µ ⌅ ⇤e and ⇤µ ⌅ ⇤e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ⇥13 and � assumed in

this section are summarized in Table VII. The value of sin2 ⇥23 is set to the maximal mixing, as
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A. Accelerator based neutrinos

1. CP asymmetry measurement in a long baseline experiment
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where Cij , Sij , �ij are cos ⇥ij , sin ⇥ij , �m2
ij L/4E⇥ , respectively, and a[eV2] = 7.56 ⇤ 10�5 ⇤
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The third term, containing sin �, is the CP violating term which flips the sign between ⇤ and ⇤̄

and thus introduces CP asymmetry if sin � is non-zero. The last two terms are due to the matter

e�ect ; caused by coherent forward scattering in matter, they produce a fake (i.e., not CP -related)

asymmetry between neutrinos and anti-neutrinos. As seen from the definition of a, the amount

of asymmetry due to the matter e⇥ect is proportional to the neutrino energy at a fixed value of

L/E⇥ .

Figure 16 shows the ⇤µ ⌅ ⇤e and ⇤µ ⌅ ⇤e oscillation probabilities as a function of the true

neutrino energy for a baseline of 295 km. The parameters other than ⇥13 and � assumed in

this section are summarized in Table VII. The value of sin2 ⇥23 is set to the maximal mixing, as

α~ρ*Eν 

36 III PHYSICS POTENTIAL

0

0.02

0.04

0.06

0.08

0.1

0 1 2
E� (GeV)

P(
� �
�
� e

) ��= 0
��= 1/2�
��= �
��= -1/2�

sin22�13=0.1

neutrino

0

0.02

0.04

0.06

0.08

0.1

0 1 2
E� (GeV)

��= 0
��= 1/2�
��= �
��= -1/2�

sin22�13=0.1

P(
� �
�
� e

)

anti-neutrino

FIG. 16. Oscillation probabilities as a function of the neutrino energy for ⇤µ ⇤ ⇤e (left) and ⇤µ ⇤ ⇤e (right)

transitions with L=295 km and sin2 2⇥13 = 0.1. Black, red, green, and blue lines correspond to � = 0, 1
2⌅,⌅,

and � 1
2⌅, respectively. Other parameters are listed in Table VII. Solid (dashed) line represents the case for

a normal (inverted) mass hierarchy.
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FIG. 17. Oscillation probability of ⇤µ ⇤ ⇤e as a function of the neutrino energy with a baseline of 295 km.

Left: sin2 2⇥13 = 0.1, right: sin2 2⇥13 = 0.01. � = 1
2⌅ and normal hierarchy is assumed. Contribution from

each term of the oscillation probability formula is shown separately.

TABLE VII. Parameters other than ⇥13 and � assumed in this section.

Name Value

L 295 km

�m2
21 7.6⇥10�5 eV2

|�m2
32| 2.4⇥10�3 eV2

sin2 ⇥12 0.31

sin2 ⇥23 0.5

Density of the earth (⇧) 2.6 g/cm3

delta=1/2π, NH 

Example plot for T2HyperK (~300km)  
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Analysis 
   with anti-nu beam mode 
Disappearance: 
parameters consistent with  
  - maximal mixing 
  - parameters same as neutrino  
  - other experiments 

34 µ-like events 

Appearance – 3 e-like events seen 
   more data needed 

PRL 116, 181801 
                  (2016) 
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New analysis 
      ν and ν  

Only T2K data 

T2K + reactor 

!  First time from single experiment 90% CL 
range for CP violation phase 

!  Pointing to value corresponding to CP 
violation (0 and π otside 90% limit) 

!  More data needed  ! T2K II 

!  Combined fits for all experiments 
will come soon  (teoretica groups) 



Long Baseline Future  

!  a 

T2K (Tokai2Kamioka) Experiment 

p!"

120m 0m280m295 km

on-axis
off-axis

2.5o

#-mon

target and horns

6 

Kamioka Tokai 

April 27, 2012 

Long term  
 ie. after/around 2025  

1200 km 

295 km 

21 

Lar-TPC 

Water Cherenkov 



And how about connection of 
neutrinos with work of Stanisław?? 

    



Small oscillations  
of a collisionless quark plasma 

Paper in  Physics Letters B,  188 (1987) 129-132 

Abstract: 

The oscillations of a collisionless quark plasma are studied on the 
basis of the gauge covariant kinetic equations. The small oscillation 
approach provides the dispersion relations which coincide with those 
predicted by the finite-temperature QCD in one-loop approximation. 

! This connection is weak and not natural (only by playing words) 

Next try….       Started with popularization: 
“Tachyons: Particles faster than light”, Postępy Fizyki 32 (1981) 351 

and more in this field….. 

First try…. 





On the ideal gas 
of tachyons 

The specific heat of the idea 
gas of tachyons and the gas 
of bradyons as a function of 
m/T•  

!  1982 - 1986 - asystent, 
Joint Institut for Nuclear 
Research, Dubna, ZSRR  



…and here we have connection: 
in 2011 for some time ν looked like 

tachyons 

Simple experiment: 
known L=732 km 
measure time of flight - t 

v=L/t   ! v>c   



δt = TOFc − TOFν = (1048.5 ± 6.9(stat.))ns − 987.8ns
= (60.7 ± 6.9(stat.))ns
(v − c) / c = δt / (TOFc − δt) =
= (2.49 ± 0.28(stat.) ± 0.30(sys.)) ⋅10−5 s

for test – run with narrow beam banches,  

measure    δ = ToFν - ToFc 



Team admits to possible 
errors in faster-than-light 
finding. 
NATURE, 27 February 2012 

Fault was found in the delay in GPS connection,  

after that ν speed < c  again 

     so present status: 

    no tachyons found experimentaly 

                (again..) 

 

With best wishes for Stanisław  !!!!!! 


