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OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…



Stephen Parke                                 Fermilab PAC                          7/16/2018        #                     2

Flavor / Interactions States(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

– Typeset by FoilTEX – 1

(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

(Dialog) Out[185]=

massive_neutrinos.nb     3

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

– Typeset by FoilTEX – 1

(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

– Typeset by FoilTEX – 1

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

Propagator ⌫↵ ! ⌫� = �↵� e�i E⌫t

most ⌫e

least ⌫e

⌫
1

⌫
2

⌫
3

Propagator ⌫j ! ⌫k = �jk e
�i

 
m2

jL

2E⌫

!

– Typeset by FoilT

E

X – 1

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

Propagator ⌫↵ ! ⌫� = �↵� e�i E⌫t

most ⌫e

least ⌫e

⌫
1

⌫
2

⌫
3

Propagator ⌫j ! ⌫k = �jk e
�i

 
m2

jL

2E⌫

!

– Typeset by FoilT

E

X – 1

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

Propagator ⌫↵ ! ⌫� = �↵� e�i E⌫t

most ⌫e

least ⌫e

⌫
1

⌫
2

⌫
3

Propagator ⌫j ! ⌫k = �jk e
�i

 
m2

jL

2E⌫

!

– Typeset by FoilT

E

X – 1

Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

– Typeset by FoilTEX – 1

⌫1

⌫2

⌫3

m2
i

– Typeset by FoilTEX – 1

(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

(Dialog) Out[185]=

massive_neutrinos.nb     3

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

– Typeset by FoilTEX – 1

(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

– Typeset by FoilTEX – 1

(Dialog) Out[186]=

(Dialog) Out[187]=

(Dialog) Out[188]=

4     massive_neutrinos.nb

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

– Typeset by FoilTEX – 1

(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

(Dialog) Out[185]=

massive_neutrinos.nb     3

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⌫e = ⌫µ = ⌫⌧ =

– Typeset by FoilTEX – 1

Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…
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OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…

2

1

3
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Neutrino Mass EigenStates or Propagation 
States:

(Dialog) In[185]:=

nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]
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(Dialog) In[182]:= NO = Graphics[{Inset[nu1, {0, 0}], Inset[nu2, {0, 0.55}], Inset[nu3, {0, 3}]}]
IO = Graphics[{Inset[nu1, {0, 2.45}], Inset[nu2, {0, 3}], Inset[nu3, {0, 0}]}]
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Within Three Neutrino Paradigm:

• Majorana or Dirac (2 or 4 states)

• Mass Ordering

• Dominant Flavor of ⌫3

• CP violation parameter �
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nue = PieChart3D[{686, 294, 20},
ChartStyle % {Blue, Blue, Blue}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nue = PieChart3D[{100},
ChartStyle % {GrayLevel[0.2]}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

num = PieChart3D[{157, 353, 490},
ChartStyle % {Cyan}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nut = PieChart3D[{157, 353, 490},
ChartStyle % {Red, Red, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu3 = PieChart3D[{490, 20, 490},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu2 = PieChart3D[{353, 294, 353},
ChartStyle % {Cyan, Blue, Red}, PlotTheme % "Business",
SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]

nu1 = PieChart3D[{157, 686, 157}, ChartStyle % {Cyan, Blue, Red},
PlotTheme % "Business", SectorOrigin % {{('Pi . 2 + 0.15), "Clockwise"}, 0}]
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In[563]:= cosd = '1.0

ssq23 = 0.4
csq23 = 1 ' ssq23

Jr = (ssq13 , ssq12 , csq12 , ssq23 , csq23)^0.5

Um1sq = ssq12 , csq23 + ssq13 , csq12 , ssq23 + 2 , Jr , cosd
Um2sq = csq12 , csq23 + ssq13 , ssq12 , ssq23 ' 2 , Jr , cosd

Rowm = Um1sq + Um2sq + Um3sq

Ut1sq = ssq12 , ssq23 + ssq13 , csq12 , csq23 ' 2 , Jr , cosd
Ut2sq = csq12 , ssq23 + ssq13 , ssq12 , csq23 + 2 , Jr , cosd

Rowt = Ut1sq + Ut2sq + Ut3sq

nu2plo = PieChart3D[{1000 , Ue2sq, 1000 , Ut2sq, 1000 , Um2sq},
ChartStyle % {Blue, Red, Cyan}, PlotTheme % "Business",
SectorOrigin % {{('3 , Pi ( 2 + 1.05), "Clockwise"}, 0}]

nu1plo = PieChart3D[{1000 , Ue1sq, 1000 , Ut1sq, 1000 , Um1sq},
ChartStyle % {Blue, Red, Cyan}, PlotTheme % "Business",
SectorOrigin % {{('3 , Pi ( 2 + 2.30), "Clockwise"}, 0}]

Solarplo = Graphics[{Inset[nu1plo, {0, 0}], Inset[nu2plo, {0, 0.6}] }]
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FIG. 3: 1-D ��2 for the absolute value of the closure of the
three row (solid) and three column (dashed) unitarity tri-
angles, fitted with all spectral and normalisation data, when
considering new physics that enters above |�m2| � 10�2 eV2.
There is one unique unitarity triangle, the ⌫e⌫µ triangle, in
that it does not contain any ⌫⌧ elements and hence is con-
strained to be unitary at a level half an order of magnitude
better than the others. By comparison to Fig. 2 one can
clearly see the Cauchy-Schwartz constraints are satisfied.

of parameter space for 3+N models, increasing both the
appearance and disappearance bounds. Subsequently,
the long baseline program DUNE [60] will also be
able to significantly extend the constrained region of
⌫µ ! ⌫e appearance to lower mass di↵erences, leading
to increased constraints on the ⌫e⌫µ unitarity triangle
in this regime. An understanding of the neutrino flux
and cross sectional uncertainties are crucial for unitarity
measurements. Possible future experiments such as
a fully fledged Neutrino Factory [61] or the nuStorm
facility [62], with the uncertainty on their fluxes of the
order 1%, will be able to constrain the ⌫µ normalisation
and ⌫e⌫µ triangle far beyond what is currently obtain-
able. However, no one experiment can probe all scales
and complementarity is vital to definitively make a
statement about unitarity from new low-energy physics,
especially as there is little means to directly measure the
⌫⌧ sector. Improvement in ⌫⌧ appearance requires new
experiments with both an intense, well known beam of
high enough energy ⌫µ or ⌫e to kinematically produce
charged taus, as well as a detector technology capable
of e�ciently identifying them to a degree necessary

for precision high statistics measurements, both of
which are extremely di�cult tasks. Perhaps crucially
for ⌫⌧ measurements, Hyper-Kamiokande [63] will be
incredibly sensitive to atmospherically averaged steriles,
� 0.1 eV2, and will significantly improve the current
bounds on |U⌧1|2 + |U⌧2|2 + |U⌧3|2 in this regime, to
approximately 1� |U⌧1|2 + |U⌧2|2 + |U⌧3|2  0.07 at the
99% CL [64], which would bring it closer inline with the
other sectors.

In this paper we have emphasised the fact that
current experimental bounds on unitarity within the 3⌫
paradigm allows for considerable violation, and without
the unitarity assumption, the precision on the individual
U
PMNS

elements can vary significantly (up to 104% in
the case of |U⌧3|). However, we find no evidence for non-
unitarity. The prospects of directly measuring all the 12
unitarity constraints with high precision are poor, and
even when one allows for additional model-dependant
sterile searches we can only constrain the amount of
non-unitarity to be . 0.2 - 0.4, for four out of six of
the row and columns normalisations, with the ⌫µ and ⌫e
normalisation deviations from unity constrained to be 
0.07, all at the 3� CL, see Fig. 2. Similarly, five out of
six of the unitarity triangles are only constrained to be
. 0.1 - 0.2, with opening of the remaining ⌫e⌫µ triangle
being constrained to be  0.03, again at the 3� CL, see
Fig. 3. One must be careful when assessing the current
experimental regime with the addition of new physics we
are currently insensitive to, as without the assumption of
unitarity there is much room for new e↵ects, especially
in the ⌫⌧ sector where currently significant information
comes from the unitarity assumption and not direct
measurements.
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for the Jarlskog invariant, J ≡ Im(VudVcbV ∗
ubV

∗
cd) = 2.69 × 10−5, in the quark sector also agrees

with the current global fit value.) Potential direct measurements for these parameters at the LHCb

can test our predictions.

As a result of the GJ relations, our model predicts the sum rule [8, 17] between the solar neutrino

mixing angle and the Cabibbo angle in the quark sector, tan2 θ⊙ ≃ tan2 θ⊙,TBM + 1
2
θc cos δℓ, with

δℓ being the leptonic Dirac CP phase in the standard parametrization. In addition, our model

predicts θ13 ∼ θc/3
√

2. Numerically, the diagonalization matrix for the charged lepton mass matrix

combined with UTBM gives the PMNS matrix,

⎛

⎜

⎜

⎜

⎝

0.838e−i178o

0.543e−i173o

0.0582ei138o

0.362e−i3.99o

0.610e−i173o

0.705ei3.55o

0.408ei180o

0.577 0.707

⎞

⎟

⎟

⎟

⎠

, (22)

which gives sin2 θatm = 1, tan2 θ⊙ = 0.420 and |Ue3| = 0.0583. The two VEV’s, u0 = −0.0593 and

ξ0 = 0.0369, give ∆m2
atm = 2.4 × 10−3 eV2 and ∆m2

⊙ = 8.0 × 10−5 eV2. As the three masses are

given in terms of two VEV’s, there exists a mass sum rule, m1−m3 = 2m2, leading to normal mass

hierarchy, ∆m2
atm > 0 [8]. The leptonic Jarlskog is predicted to be Jℓ = −0.00967, and equivalently,

this gives a Dirac CP phase, δℓ = 227o. With such δℓ, the correction from the charged lepton sector

can account for the difference between the TBM prediction and the current best fit value for θ⊙.

Our model predicts (m1,m2,m3) = (0.0156,−0.0179, 0.0514) eV, with Majorana phases α21 = π

and α31 = 0.

Our model has nine input parameters, predicting a total of twenty-two physical quantities:

12 masses, 6 mixing angles, 2 Dirac CP violating phases and 2 Majorana phases. Our model is

testable by more precise experimental values for θ13, tan2 θ⊙ and γ in the near future. δℓ is the

only non-vanishing leptonic CP violating phase in our model and it gives rise to lepton number

asymmetry, ϵℓ ∼ 10−6. By virtue of leptogenesis, this gives the right sign and magnitude of the

matter-antimatter asymmetry [18].

Conclusion.—We propose the complex group theoretical CG coefficients as a novel origin of CP

violation. This is manifest in our model based on SU(5) combined with the double tetrahedral

group, T ′. Due to the presence of the doublet representations in T ′, there exist complex CG

coefficients, leading to explicit CP violation in the model, while having real Yukawa couplings and

scalar VEVs. The predicted CP violation measures in the quark sector are consistent with the

current experimental data. The leptonic Dirac CP violating phase is predicted to be δℓ ∼ 227o,

which gives the cosmological matter asymmetry.

8
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Ballet King Pascoli 
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GUTs typically predict: 
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The CP phase and θ23 octant
Insights on the generation of the matter anti-matter asymmetry

Insights on the flavor puzzle

Chen Fallbacher Mahanthappa Ratz Trautner 2014

Chen Mahanthappa 2009

for the Jarlskog invariant, J ≡ Im(VudVcbV ∗
ubV

∗
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WHY MEASURE THESE PARAMETERS?
➤ Lepton mixing allows for a new source of CP violation that can be studied with neutrinos 

➤ CPV through δcp may be sufficient source for leptogenesis (Nucl. Phys. B774 (2007) 1) 
➤ Neutrino masses indicate new physics beyond the standard model and electroweak scale 

➤ Precise values of the mixing parameters may indicate or disfavor models of  
flavor symmetries

Predictions from flavor symmetry forms 
with current measurement precision

Nucl. Phys. B, Vol. 894, 733-768 (2015) 6

Predictions from cosδ sum rules for discrete symmetries:
Predictions of flavor symmetry forms 
with projected measurement precision

W+ ! e+⌫e

W+ ! µ+⌫µ

W+ ! ⌧+⌫⌧

provided L/E ⌧ 0.5 km/MeV = 500 km/GeV !!!

⇠ 1 picosecond in Neutrino rest frame !!!

⇡ Age of Universe / 10

26

✓
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⌫s ?

• Atmospheric Neutrinos (SK)

• LBL Disappearance (T2K & NOvA)

• LBL Appearance (T2K & NOvA)

• Sterile Neutrinos (MiniBooNE & 3+1 models)
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Matter
Solar

Interference

Neutrino oscillation studies using atmospheric n
High statistics atmospheric neutrino data

~ Possibility in observing small distortion in ne

• Matter effect ~ from mass hierarchy
Possible enhancement in several GeV

passed through the earth core
One of the flavors (𝜈𝑒 or 𝜈𝑒 )

shows this enhancement.
• Solar term ~ from q23 octant degeneracy

Possible ne enhancement in sub-GeV

• Interference
CP phase could be studied.

sin2q23 = 0.5
sin2q13 = 0.04

5

Interference

Matter effect
Solar term

Difference in # of electron events: 𝝂𝝁 → 𝝂𝒆

Solar

𝝂𝝁 → 𝝂𝒆

Normal hierarchy

1 10
n energy (GeV)

Atmospheric Neutrino Results 
from Super-Kamiokande

Yoshinari Hayato ( Kamioka, ICRR )
for the Super-Kamiokande collaboration
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average,Δχ2¼−0.4 at the Super-K best fit point, this result
is driven by an excess of observed events in its appearance
sample. When atmospheric neutrinos are combined with

T2K, the hierarchy preference strengthens to Δχ2 ¼ −5.27,
with the majority of the expected sensitivity coming from
the atmospheric samples appearing in Fig. 10.
Similar preferences in both samples for δCP near 3π=2

result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the offset in
the two lines corresponding to the Δχ2 between the two.
Naturally, this preference is consistent with an increased νe
(as opposed to ν̄e) rate in T2K relative to the expectation
from the measured value of θ13. Though the constraint from
the normal hierarchy fit disfavors the region around π=2,
the contour includes the CP-conserving value δCP ¼ π at
nearly 1σ.

VI. INTERPRETATION

It is known that the significance of a mass hierarchy
determination does not necessarily follow the expectation
from a comparison of the χ2 minima from each of the
hierarchy hypotheses (cf. Ref. [40]). Indeed, the hierarchies
do not form a nested hypothesis and as a result Wilks’
theorem [41] is not applicable. To address the issue of the

2 |  eV31
2 m∆ | , | 32
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Inverted Hierarchy
Normal Hierarchy

FIG. 14. Constraints on neutrino oscillation parameters from the Super-K atmospheric neutrino data fit assuming
sin2 θ13 ¼ 0.0219" 0.0012. Orange lines denote the inverted hierarchy result, which has been offset from the normal hierarchy
result, shown in cyan, by the difference in their minimum χ2 values.

23θ2sin
0.2 0.4 0.6 0.8

]2
 [e

V
322

 m∆

0.002

0.0025

0.003

0.0035 Normal Hierarchy, 90% C.L.
Super-K
T2K
NOvA
IceCube
MINOS

FIG. 15. Constraints on neutrino oscillation contours at the
90% C.L. from analyses assuming the normal mass hierarchy.
The Super-K contour (cyan) is taken from the analysis with
sin2 θ13 assumed to be 0.0219" 0.0012. Contours from the T2K
(violet) [8], NOvA (dashed green) [7], MINOSþ (dashed blue)
[36], and IceCube (red) [39] experiments are also shown.

TABLE V. Summary of parameter estimates for each analysis and hierarchy hypothesis considered. Here NH (IH) refers to the normal
(inverted) hierarchy fit. The terms “free” and “constrained” refer to fits without and with a constraint on sin2 θ13, respectively, as
described in the text. The expected absolute χ2 value for the SK (SKþ T2K) fits is 559.9 (636.2). The p-value for obtaining a smaller χ2

than the data is 0.439 (0.482) in the NH θ13-constrained fits.

Fit Hierarchy χ2 sin2 θ13 sin2 θ23 jΔm2
32;31j [×10−3 eV2] δCP

SK θ13 Free NH 571.29 0.018þ0.029
−0.013 0.587þ0.036

−0.069 2.50þ0.13
−0.31 4.18þ1.45

−1.66
IH 574.77 0.008þ0.017

−0.007 0.551þ0.044
−0.075 2.20þ0.33

−0.13 3.84þ2.38
−2.12

SK θ13 Constrained NH 571.33 – 0.588þ0.031
−0.064 2.50þ0.13

−0.20 4.18þ1.41
−1.61

IH 575.66 – 0.575þ0.036
−0.073 2.50þ0.08

−0.37 4.18þ1.52
−1.66

SKþ T2K θ13 Constrained NH 639.43 – 0.550þ0.039
−0.057 2.50þ0.05

−0.12 4.88þ0.81
−1.48

IH 644.70 – 0.550þ0.035
−0.051 2.40þ0.13

−0.05 4.54þ1.05
−0.97

ATMOSPHERIC NEUTRINO OSCILLATION ANALYSIS … PHYS. REV. D 97, 072001 (2018)

072001-17

Determination of n oscillation parameters
SK-I to SK-IV, 5326 days (2519 days from SK-IV), 328 kt∙yr

(2018 winter)
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99%
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68%
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99%
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|Δ𝑚32
2 | = 2.50−0.20+0.13 × 10−3eV2

sin2 𝜃23 = 0.588 ±0.064
0.031

( 𝜒𝑁𝐻,𝑚𝑖𝑛
2 − 𝜒𝐼𝐻,𝑚𝑖𝑛

2 = −4.34 )

Δ𝑚21
2 = 7.53 ± 0.18 × 10−5ev2,
sin2 𝜃12 = 0.304 ± 0.014,
sin2 𝜃13 = 0.0219 ± 0.012

Phys. Rev. D 97, 072001 (2018)
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What can we learn from ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ ?

• first approx: measure only 4|Uµ3|2(1� |Uµ3|2) and �m2
µµ

– Need sin

2 ✓13 to extract sin2 ✓23
– sin

2 ✓12, �m2
21, mass ordering (cos �) to extract �m2

32

• Approx Symmetries:

– |Uµ3|2 , 1� |Uµ3|2 equiv. sin2 ✓23 , 1/ cos2 ✓13 � sin

2 ✓23
– ⌫ , ⌫̄ ; insensitive to matter e↵ects
– Normal Ordering , Inverted Ordering
– insensitive to cos �

• Even better Symmetry:

Upper Octant/Normal Order ”degenerate” Lower Octant/Inverted Order
for ⌫ and ⌫̄ plus vice versa
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Standard neutrino picture

• Neutrino flavours are a mix of mass 
eigenstates: ൿห𝜈𝛼 = 𝑈PMNS ൿห𝜈𝑖

• We know fairly well what the 
mixing matrix looks like: 𝜽𝟏𝟑 ≠ 0

𝑈PMNS 2 ≃

𝜈𝑒

𝜈𝜇

𝜈𝜏

𝜈1 𝜈2 𝜈3
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𝚫𝒎𝟑𝟐
𝟐 , 𝐬𝐢𝐧𝟐 𝜽𝟐𝟑 results mostly 

dependent on the 𝜈𝜇 data.

Low observed/expected ratio so 
expect maximal disappearance…

This happens for sin2 𝜃23 ≃0.51
• Small preference for Upper
octant from disappearance alone

• But large values of 𝐬𝐢𝐧𝟐 𝜽𝟐𝟑 also enhance appearance rates and improve 
fit to 𝜈𝑒 appearance.

Disappearance* Results
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dependent on the 𝜈𝜇 data.

Low observed/expected ratio so 
expect maximal disappearance…

This happens for sin2 𝜃23 ≃0.51
• Small preference for Upper
octant from disappearance alone

• But large values of 𝐬𝐢𝐧𝟐 𝜽𝟐𝟑 also enhance appearance rates and improve 
fit to 𝜈𝑒 appearance.
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Standard neutrino picture

• Neutrino flavours are a mix of mass 
eigenstates: ൿห𝜈𝛼 = 𝑈PMNS ൿห𝜈𝑖

• We know fairly well what the 
mixing matrix looks like: 𝜽𝟏𝟑 ≠ 0

𝑈PMNS 2 ≃

𝜈𝑒

𝜈𝜇

𝜈𝜏

𝜈1 𝜈2 𝜈3
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Latest Results from NOvA

ICHEP2018, Seoul, Korea

Jianming Bian
For the NOvA Collaboration

University of California, Irvine
07-07-2018
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even better

What can we learn from ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ ?

• first approx: measure only 4|Uµ3|2(1� |Uµ3|2) and �m2
µµ

– Need sin

2 ✓13 to extract sin2 ✓23
– sin

2 ✓12, �m2
21, mass ordering (cos �) to extract �m2

32

• Approx Symmetries:

– |Uµ3|2 , 1� |Uµ3|2 equiv. sin2 ✓23 , 1/ cos2 ✓13 � sin

2 ✓23
– ⌫ , ⌫̄ ; insensitive to matter e↵ects
– Normal Ordering , Inverted Ordering
– insensitive to cos �

• Even better Symmetry:

Upper Octant/Normal Order ”degenerate” Lower Octant/Inverted Order
for ⌫ and ⌫̄ plus vice versa

– Typeset by FoilT
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Latest Results from NOvA

ICHEP2018, Seoul, Korea

Jianming Bian
For the NOvA Collaboration

University of California, Irvine
07-07-2018
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• Matter effects introduce a small asymmetry in the maximal disappearance point 
between neutrinos and antineutrinos. 

• Tension between the muon neutrino and antineutrino datasets (at the 1 σ level) favors 
upper octant (UO) for normal hierarchy (NH) and lower octant (LO) for inverted 
hierarchy (IH). 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Latest Results from NOvA
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sin2 ✓23

�

⇡, 0

What can we learn from ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e ?

�⇡/2

⌫s ?

• Atmospheric Neutrinos (SK)

• LBL Disappearance (T2K & NOvA)

• LBL Appearance (T2K & NOvA)

– Typeset by FoilT
E
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LBL
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T2K/HK NOvA

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5

⌫µ $ ⌫̄µ

NH $ IH

�(N ! l+��) 6= �(N ! l��+)

Inverted Hierarchy
Normal Hierarchy

sin2 2✓µµ ⌘ 4|Uµ3|2(1� |Uµ3|2) = 0.96 � 1.00

Same L/E as NO⌫A

– Typeset by FoilTEX – 1

DUNE

2 ⇡0’s

Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum

– Typeset by FoilTEX – 1
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T2K/HK NOvA

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5

⌫µ $ ⌫̄µ

NH $ IH

�(N ! l+��) 6= �(N ! l��+)

Inverted Hierarchy
Normal Hierarchy

sin2 2✓µµ ⌘ 4|Uµ3|2(1� |Uµ3|2) = 0.96 � 1.00

Same L/E as NO⌫A
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2 ⇡0’s

Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum
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T2K/HK NOvA

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5

⌫µ $ ⌫̄µ

NH $ IH

�(N ! l+��) 6= �(N ! l��+)

Inverted Hierarchy
Normal Hierarchy

sin2 2✓µµ ⌘ 4|Uµ3|2(1� |Uµ3|2) = 0.96 � 1.00

Same L/E as NO⌫A
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Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering
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• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.
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T2K/HK NOvA

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

L = 1300 km, sin2 ✓13 = 0.023 and sin2 ✓23 = 0.5
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•Compare consistency with 
PMNS ν̅e appearance (β = 1) 
and no ν̅e appearance (β = 0) 

• if β = 0 expect 6.5 events
• if β = 1 expect 11.8 events

•The data shapes look more 
consistent with background 
spectra than ν̅e signal 
spectrum

•Use rate+shape analyses:

•No strong statistical 
conclusion yet

see posters by:
F. Bench,  #277, Wed

2

Phill Litchfield2018/07/17

Standard neutrino picture

• Neutrino flavours are a mix of mass 
eigenstates: ൿห𝜈𝛼 = 𝑈PMNS ൿห𝜈𝑖

• We know fairly well what the 
mixing matrix looks like: 𝜽𝟏𝟑 ≠ 0

𝑈PMNS 2 ≃

𝜈𝑒

𝜈𝜇

𝜈𝜏

𝜈1 𝜈2 𝜈3
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Long baseline neutrino experimentsMasashi Yokoyama (UTokyo) �25
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E L E C T R O N  N E U T R I N O  A P P E A R A N C E  
E X P E C TAT I O N S
• Event counts in 

neutrino and 
antineutrino mode vary 
according to the 
oscillation parameters.  

• Ellipses as a function of 
CP are drawn for 
normal and inverted 
hierarchy (NH and IH) 
as well as upper and 
lower octant (UO and 
LO). 

!28

20 30 40 50 60 70 80
Total events - neutrino mode

5

10

15

20

25

To
ta

l e
ve

nt
s 

- a
nt

in
eu

tri
no

 m
od

e

= 0CPδ /2π= CPδ

π= CPδ /2π= 3CPδ

2eV-310×2.55−=2
32mΔ

        IH

2eV-310×2.50+=2
32mΔ

        NH

=0.4623θ2sin
        LO =0.5923θ2sin

        UO

=0.08213θ22sin
NOvA FD

)ν POT (2010×9.48
)ν POT (2010×6.91

N O VA  O B S E R V E S :  5 8  E V E N T S  I N  N E U T R I N O ,  
1 8  E V E N T S  I N  A N T I N E U T R I N O  M O D E .

Latest Results from NOvA

ICHEP2018, Seoul, Korea

Jianming Bian
For the NOvA Collaboration

University of California, Irvine
07-07-2018
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Mayly Sanchez - ISU

S U M M A R Y  A N D  O U T L O O K

• First NOvA antineutrino data (6.9 ⋅1020 POT) has been analyzed together with 
8.85 ⋅1020 POT of neutrino data.  

• Publication on analysis of 8.85 ⋅1020 POT of neutrino data on the arXiv today. 

• More antineutrino beam running up to the summer shutdown.   

• We observe no evidence for mixing with sterile neutrinos or antineutrinos from 
the neutral current channel. 

• We observe >4 σ evidence of electron antineutrino appearance.  

• A joint appearance and disappearance analysis for these data: 

• Prefers Normal Hierarchy at 1.8 σ and excludes δCP= π/2 at > 3 σ.  

• Rejects maximal mixing at 1.8 σ and the lower octant at a similar level.  

• Future NOvA running can reach 3 σ sensitivity for the mass hierarchy by 2020 
and covers significant CP range by 2024.

!37
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DUNE bi-Probability Diagrams:
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/ ⇢L sin2 ✓23

✓23 octant ?

⌫µ

⌫µ, ⌫e, ⌫⌧

Ar from ⇠ 10 km3 of air

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.

– Typeset by FoilTEX – 1
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• Sterile Neutrinos (MiniBooNE & 3+1 models)

– Typeset by FoilT
E

X – 4

Beyond 3 neutrino Paradigm:
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Are there light sterile neutrinos?

KATRIN spectrometer

Anti-nu mode Nu mode
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Are there light sterile neutrinos?

KATRIN spectrometer

Anti-nu mode Nu mode

Excess

• Total	excess	for	neutrino	+	antineutrino:
460.5 ± 95.8(4.8-)

• Combined	with	LSND	(3.8-),	total	significance	is	at	6.1-
13

lmode
12.84×10;2 POT

lmmode
11. no×10;2 POT Combined

Data 1959 478 2437
Unconstrained	
Background 1590.5 398.2 1988.7

Constrained	
Background 1577.8 398.7 1976.5

Excess 381.2 ± 85.2
4.5-

79.3 ± 28.6
2.8-

460.5 ± 95.8
4.8-

0.26%	(LSND)	
%& → %) 463.1 100.0 563.1

MicroBooNE:
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4.7σ tension!

Are there light sterile neutrinos?

Dentler, Hernandez-Cabezudo, Kopp, Machado, Maltoni, Martinez-Soler, Schwetz
Former RA future FNAL RAInvisibles visitor Invisibles visitor

arXiv:1803.10661 — To be updated soon!
Accepted for publication by JHEP
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Summary / Score Card:
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“And yet the nothing-particle 
     is not a nothing at all.”  
         – Isaac Asimov 1966 


