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Neutrinos are Interesting  
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Major HEP discovery: neutrinos are massive and mixed – like quarks. 
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Introduction 

According to the inSPIRE database, 2,900 neutrino papers were produced 
in 2012, compared to about 2,400 papers concerning the Higgs boson

E. Lisi, talk at ICHEP 2010
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red bars = neutrino papers by J.Lykken (times 250)
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Neutrinos are one of the main science drivers 
of particle physics  
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Neutrinos are key actors in important physical processes 
on Earth and out in the Universe  
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(Figure from Sky&Telescope magazine) 

x 

 The neutrinos are coming! 
Far side of the Milky Way is ~650 light-centuries away...  
    ... ~2000 core collapses have happened already.... 
 

Talk by K. Scholberg
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Neutrinos are everywhere, and related to everything 
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          NEUTRINOS

LHC
ILC
...

Baryon 

          ...

     GUT

SO(10)        ...

  BBN
...

...

Astrophysics

cosmic rays

 Supersymmetry

Cosmology
Dark Matter

  Asymmetry

Flavor physics

see−saw
proton decay

quark mixing

supernovae
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Neutrino Connections

• What are the dynamical origins of fermion masses, mixings 
and CP violation?

• How does the Higgs talk to neutrinos?
• Neutrinos and dark matter?
• Neutrinos and unification?
• Neutrinos and leptogenesis?
• Extra credit: Are neutrinos related to dark energy? 

Motivates a multi-decade global experimental effort
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• A headline of the Standard Model is that elementary 
particles do not naturally have mass, 

• But they can acquire mass through dynamics
• In stark contrast to spin, the other conserved 

quantum number of Poincare invariance

The dynamical origins of mass
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Higgs + BEGHK (1964)

Higgs explains: and if you started with a complex 
scalar field, there will be a neutral massive boson 
left over, and eventually you get a trip to Stockholm

•a fundamental scalar field with self-interactions
•can cause spontaneous (global) symmetry-breaking in the vacuum
•and give gauge bosons mass
•while respecting the delicate choreography of gauge symmetry with 

Lorentz invariance
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• ATLAS and CMS seem to have discovered a 
weakly self-coupled fundamental boson that 
couples to other heavy particles proportionally to 
their masses

• If this holds up, then we do in fact understand 
mass generation for the W and Z bosons

• But for fermions we are just getting started...

ye L̄H eR + h.c. ! ye
vp
2
(ēLeR + ēReL)

The dynamical origins of mass

Joseph Lykken                                                                                                                   Neutrino 2014 Conference, Boston, June 7, 2014



11

The Particle Zoo  
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Fermion Mass Spectrum  

Talk by K. Babu
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• What are the dynamical origins of fermion masses, 
mixings, and CP violation?

• What are the scales associated with this dynamics?
• What are the symmetries and symmetry-breakings?
• What is the full Higgs sector and how does it work?
• How are quark and lepton flavor related?
• What other flavor sectors are accessible, e.g.

• superpartners?
• dark matter?

Flavor is the big over-arching challenge of particle 
physics for this half of the 21st century
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• Look for new sources of flavor-breaking/CPV in the quark sector

• Determine the flavor structure of the neutrino sector

• Determine the full Higgs sector and its flavor implications

• Look for nonconservation of lepton number, baryon number, and 
charged lepton flavor violation

• Find the portals to the dark sector and the dark particle content 

• Any new physics and any new scales could be relevant

Gathering clues from many directions
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Can be addressed strongly 
with current and planned 
experiments
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Pressing Questions for Neutrinos 

Talk by K. Babu

Very interesting and very 
important, but also very hard 
to address experimentally
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• We studied the quark sector for 50 years and measured 
everything with precision, and we still have no clue where the 
underlying hierarchies come from, or the scale of the new 
physics responsible

• So studying neutrinos is hopeless, right?

• Neutrino masses probably involve the same unknown principles 
as quark masses, plus extra complications involving unreachable 
energy scales

• Why is pursuing these oddball neutrinos a good strategy? 

Pursuing the origins of neutrino masses
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• We studied normal elements like carbon and lead for 50 years 
and measured everything with precision, and we still have no 
clue where the underlying hierarchies come from, or the 
principles of the new physics responsible

• So studying radium is hopeless, right?

• Radium probably involves the same unknown principles as 
carbon, plus extra complications

• Why is pursuing these oddball elements a good strategy? 

Pursuing the origins of atomic structure
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Neutrinos point the way beyond the Standard Model
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• Renormalizable QFTs are just stand-ins for effective field theories that flow 
down from some fancy UV completion associated to (at least one) actual 
UV energy scale

• The SM at lab energies is an approximation to some effective theory with a 
bunch of higher dimension operators suppressed by powers of UV scales

• If you start with the UV theory, you will have to fine tune to get to 
something that looks like the Standard Model at lab energies

• This is the Naturalness / fine tuning / hierarchy problem

A general argument:

S. Weinberg, J. Polchinski, K. Wilson, ...
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• We believed this argument so much that we have spent billions of dollars of the 
taxpayers money over 30 years looking for evidence of the higher dimension operators

• So far we have seen no such evidence, with the notable exception of neutrino masses

• Neutrino masses may be explained by the Weinberg operator, the unique dimension 5 
operator extension of the Standard Model

This is a good argument!

y⌫
Mnew

(L̄H)2 ! y⌫v
2

Mnew
⌫̄L⌫

c
L
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• In that case, naturalness demands that the scale integrated out to get the dimension 5 
operator is less than about 107 GeV

• So the popular Type I superheavy see-saw picture of neutrinos is fine tuned without 
SUSY or some other major change in the picture

• If neutrinos talk to the Higgs some other way, e.g. Higgs triplets, then at least the first 
step in the story may be new physics at the TeV scale

• If neutrinos are purely Dirac, there is no see-saw scale, but the tiny Yukawa couplings 
themselves may have a Froggatt-Nielsen type explanation involving new superheavy 
scales. So again you need SUSY or something to stabilize the hierarchy of energy 
scales

De Gouvea, Hernandez, Tait, arXiv:1402.2658

y⌫
Mnew

(L̄H)2 ! y⌫v
2

Mnew
⌫̄L⌫

c
L
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Neutrino imply lots of new physics



20

• Natural + ~minimal-flavor-violating SUSY at the weak scale
• Neutralino dark matter
• A grand desert populated at the high end by a hidden sector for 

dynamical SUSY breaking, some heavy Majorana neutrinos, maybe PQ 
axions, inflatons

• Gauge coupling unification circa 1016 GeV accompanied by GUT or 
stringy unification of matter and gauge forces

• Planck scale stringiness with lots of extra structure to explain flavor etc.

the canonical BSM paradigm

there are lots of good arguments for this picture
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NATURAL SUSY, 1984
From Lawrence Hall’s talk at SavasFestSUSY Spectrum, 1984

Text

Over 3 decades of susy:  seismic shifts!

W boson near 
the top of the 
spectrum....

1984 was a 
utopian year 
for SUSY.

Times have 
changed!

Talk by Matt Reece at LHCP 2013

The Naturalness Dogma: caveat emptor                        

21
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SUSY agonistesWhy gluinos? 

12 Nov 2013 J. Thompson, Cornell 3 

 Naturalness 
 As you know (see yesterday’s 

talks), gluinos are a key player in 
the naturalness story 

 Constrained to 1-2 TeV in natural 
SUSY scenarios 

 High production cross section 
 Sensitivity to highest masses 
 Most dramatic signatures 

 Heavy SUSY parentslots of 
(missing) energy in the detector 

 Searches for the heaviest 
particles gain the most from 
increases in CM energy 

N
. A

rk
an

i-H
am

ed
 

• If you really believe in a strong naturalness argument, then we should have 
seen gluinos and stops already at the LHC

22
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SUSY agonistes

• Of course it is possible that we just missed the superpartners in the last LHC 
runs at 7 and 8 TeV, and they will show up quickly in the new run at 13 TeV

• Stranger things have happened: both the LEP and Tevatron collider 
experiments just missed discovering the Higgs boson

Limits in the              topology 

12 Nov 2013 J. Thompson, Cornell 16 

 All lepton multiplicities are relevant 
 Limits up to 1400 GeV for light LSP 

INTERPRETATION: BDT ANALYSIS tχ0  

Set limits using results from BDT signal regions 

13 
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• Just in case, many theorists are busy making arguments for why it 
was obvious all along that superpartners should not be within reach 
of the LHC

• 10 TeV, 100 TeV, even 1 PeV are becoming popular mass scales for 
superpartners

• Moving to higher ground is very expensive...

Moving SUSY to higher ground?
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• Putting squark masses at 100 TeV, whatever the motivation, is a 
good playground for the idea that flavor-violating effects may be 
intrinsically O(1), but with a big mass suppression

• In such a regime it is also easier to make dynamical models of SM 
fermion mass hierarchies, without getting sunk by large FCNCs

• Even a 100 TeV pp collider may not probe this scale directly, so you 
will have to get clues from rare processes:

The scales of flavor?

SUSY Contributions to µ → e Conversion

contributions from dipoles, boxes, Z penguins, and photon penguins

dipoles are dominant for large tanβ

µL

q
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! usually negligible in
mini-split SUSY
typically dominant

! log enhanced
for light Higgsinos
typically dominant

! log enhanced for light
Winos; typically dominant
for low tan β

Wolfgang Altmannshofer (Fermilab) Low Energy Probes of PeV Scale Sfermions KITP, July 11, 2013 22 / 26

Charm Mixing
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Flavored EDMs
in the flavor blind case, EDMs

are proportional to 1st gen. fermion masses
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flavor effects strongly enhance EDMs
(see e.g. Hisano, Nagai, Paradisi ’08)
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1-loop EDMs and chromo EDMs grow linearly with the µ term
quark chromo EDMs are enhanced by a large log

Wolfgang Altmannshofer (Fermilab) Low Energy Probes of PeV Scale Sfermions KITP, July 11, 2013 7 / 26
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The scales of flavor?
• Heavy flavor probes up to 50 TeV (LHCb and Belle II)

• EDMs can probe up to 100 to 1000 TeV

• Kaons probe up to 1000 TeV

• MEG, Mu2e, Mu3e can probe 100 to 1000 TeV

W. Altmannshofer, R. Harnik, J. Zupan, arXiv:1308.3653
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• color-triplet scalars that live in the Higgs 5-plet induce 
dimension five proton decay in SUSY SU(5)

• seemed to rule out the minimal scenario, since the 
proton lifetime was

• but with squark masses lifted to ~100 TeV, there is an 
extra suppression

• predicts that LBNF                                                      will 
will see proton decay

Minimal SUSY SU(5) revived

LBNF 34kt

J. Hisano et al, arXiv:1304.3651
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Neutrino masses BSM: see saw mechanism type I See 
Babu’s 
talk

m⌫ =
Y 2
⌫ vH
MN

⇠ 1 GeV2

1010GeV
⇠ 0.1 eV

See-saw mechanism type I
 Introduce a right handed 
neutrino N
 Couple it to the Higgs

�
0 mD

mT
D MN

⇥

See-saw type I models can be embedded in GUT theories 
and  explain the baryon asymmetry via leptogenesis.

Minkowski; Yanagida; Glashow; Gell-Mann, Ramond, 
Slansky; Mohapatra, Senjanovic

Talk by S. Pascoli

Neutrino mass and physics at superheavy scales 
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• We don’t have enough ways of experimentally accessing new 
physics at superheavy scales

• And it is easy to write down general models, e.g. of leptogenesis, 
with 37 parameters invisible to any lower energy probes

• So it is hopeless to study neutrinos as a window to high scales

Joseph Lykken                                                                                                                   Neutrino 2014 Conference, Boston, June 7, 2014

Neutrino mass and physics at superheavy scales? 

The pessimist says:
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• Nature seems to have given us a number of ways of 
experimentally accessing new physics at superheavy scales: 
neutrinos, proton decay, inflation, maybe SUSY, ...

• Don’t care about general models; we are looking for a very 
special model. Probably it has very few arbitrary parameters and 
some striking characteristic features

• So pursuing neutrinos and thinking about the origins of neutrino 
mass is a great window to high scales
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Neutrino mass and physics at superheavy scales? 

The optimist says:
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Neutrino masses: what are we trying to explain?  
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where Ue and U⌫ result respectively from the diagonalisation of the charged lepton
and neutrino mass matrices, it is usually assumed that U⌫ has a specific form
dictated by a symmetry which fixes the values of the three mixing angles in U⌫

that would di↵er, in general, by perturbative corrections from those measured in
the PMNS matrix, while Ue (and symmetry breaking e↵ects that we assume to
be subleading) provide the requisite corrections. A variety symmetry forms of U⌫

have been explored in the literature on the subject (see, e.g., [18]). In the present
study we will consider three widely used forms.
i) Tribimaximal Mixing (TBM) [19]:
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iii) the form of U⌫ resulting from the conservation of the lepton charge L0 =
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where c⌫23 = cos ✓⌫23 and s⌫23 = sin ✓⌫23.
We will define the assumptions we make on Ue and U⌫ in full generality in Sec-

tion 2. Those assumptions allow us to cover, in particular, the case of corrections
from Ue to the three widely used forms of U⌫ indicated above. We would like to
notice here that if Ue = 1, 1 being the unity 3⇥ 3 matrix, we have:
i) ✓13 = 0 in all three cases of interest of U⌫ ;
ii) ✓23 = ⇡/4, if U⌫ coincides with UTBM or UBM, while ✓23 can have an arbitrary
value if U⌫ is given by ULC;
iii) ✓12 = ⇡/4, for U⌫ = UBM or ULC, while ✓12 = sin�1(1/

p
3) if U⌫ = UTBM.

Thus, the matrix Ue has to generate corrections
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where Ue and U⌫ result respectively from the diagonalisation of the charged lepton
and neutrino mass matrices, it is usually assumed that U⌫ has a specific form
dictated by a symmetry which fixes the values of the three mixing angles in U⌫
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; (7)

iii) the form of U⌫ resulting from the conservation of the lepton charge L0 =
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1

CCCCA
, (8)
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value if U⌫ is given by ULC;
iii) ✓12 = ⇡/4, for U⌫ = UBM or ULC, while ✓12 = sin�1(1/
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4

• Theorists making models of quark masses 
focus on explaining the hierarchies of 
masses and mixings, and ignore O(1) 
factors

• Theorists making models of neutrino 
masses do the opposite

• Usually assume that the PMNS picture is 
correct, and try to reproduce the numbers

• Make extra assumptions in order to make 
testable predictions

Complementarity of Neutrinoless Double Beta Decay and Cosmology

Scott Dodelson1, 2, 3 and Joseph Lykken1
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Kavli Institute for Cosmological Physics, Enrico Fermi Institute, University of Chicago, Chicago, IL 60637

3
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Neutrinoless double beta decay experiments constrain one combination of neutrino parameters, while
cosmic surveys constrain another. This complementarity opens up an exciting range of possibilities.
If neutrinos are Majorana particles, and the neutrino masses follow an inverted hierarchy, then the
upcoming sets of both experiments will detect signals. The combined constraints will pin down not
only the neutrino masses but also constrain one of the Majorana phases. If the hierarchy is normal,
then a beta decay detection with the upcoming generation of experiments is unlikely, but cosmic
surveys could constrain the sum of the masses to be relatively heavy, thereby producing a lower
bound for the neutrinoless double beta decay rate, and therefore an argument for a next generation
beta decay experiment. In this case as well, a combination of the phases will be constrained.

INTRODUCTION

One of the most important questions in particle physics
is whether neutrinos are Dirac or Majorana particles. If
they are Dirac, then their couplings to the Higgs are ex-
tremely small, thereby exacerbating the already perplex-
ing problem of understanding mass in the Universe. If
neutrinos are Majorana particles, then lepton number is
violated, and there is new physics responsible for the ef-
fective operator (L̄H̃)(H̃TLc)/⇤+h.c., where H̃ = i⌧2H
is the conjugated Higgs doublet, L is the usual lepton
doublet, ⇤ is the scale above which the new physics man-
ifests itself, and flavor indices are suppressed.

A definitive way to resolve this question is to observe

neutrinoless double beta decay (see, e.g., [1, 2] for re-
views), which violates lepton number. The e↵ective Ma-
jorana mass that governs neutrinoless double beta decay
is

m�� =
���m1 cos

2 ✓12 cos
2 ✓13 + m2e

2i�2 sin2 ✓12 cos
2 ✓13

+m3e
2i[�3��] sin2 ✓13

��� (1)

where (m1,m2,m3) are the masses of the three mass
eigenstates; and the mixing angles (✓12, ✓13), CP violat-
ing phases � and Majorana phases (�2,�3) are the ele-
ments of the unitary matrix relating the mass and flavor
eigenstates:

U =

0

@
c12c13 s12c13 s13e

�i�

�s12c23 � c12s23s13e
i� c12c23 � s12s23s13e

i� s23c13
s12s23 � c12c23s13e

i� �c12s23 � s12c23s13e
i� c23c13

1

A

0

@
1 0 0
0 ei�2 0
0 0 ei�3

1

A (2)

where c and s are cos and sin. The masses are re-
lated to one another via two measured di↵erences of mass
squared: the solar mass di↵erence �m2

12 ⌘ m2
2 � m2

1 =
m2

s , known to be positive and the atmospheric mass scale
with

m2
atm =

(
�m2

23 (Normal Hierarchy)

�m2
31 (Inverted Hierarchy)

(3)

Current and upcoming underground experiments [3–6]
with 10-100 kg of detector mass have the reach to explore
m�� as small as 100 meV, while the ton scale experiments
currently planned can push down to 10 meV.

The experiments of the last decades have pinned down
many of the neutrino parameters, so the allowed range of
m�� – and therefore the decay rate – is becoming clearer.
In particular there emerges a key relationship [7] between

m�� and the sum of the neutrino masses. Here we point
out that cosmic surveys, which are sensitive to the sum of
the neutrino masses [8, 9], can further narrow the allowed
range of m�� and, in the future, the two sets of experi-
ments can work together to measure one of the Majorana
phases [10]. The cosmic surveys exploit the fact that the
ratio of the energy density of the cosmic neutrinos to
the matter density is f⌫ = 0.008

P
m⌫/100meV. Even

this small of a fraction disrupts the delicate balance be-
tween the gravitational accretion of cold dark matter and
the expansion of the universe that would otherwise pro-
duce constant gravitational potentials. A small fraction
of non-clumping matter (and neutrinos are traveling fast
enough not to clump on most scales) leads to decaying
gravitational potentials. For example, the power spec-
trum of the potential is reduced by 5% if

P
m⌫ = 100
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We really, really, need to know the mass hierarchy  
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Mass hierarchy as texture and model discriminator 

>  Typically re-covered in more 
complicated cases, e.g. including 
charged lepton mixings, θ13>0 etc: 
 
 
 
 
 
 
 
 
 
(example from hep-ph/0612169) 
 

>  Translates into flavor symmetry models 
(Albright, Chen, hep-ph/0608137) 
See also: talk by Morimitsu Tanimoto 

>  Neutrino mass ordering is the prime 
model discriminator! 

Hierarchy: normal     vs. Hierarchy: inverted 

Talk by W. Winter
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Neutrino data is ruling out whole classes of models  
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                In 2012     
 Reactor angle Ǆ13 was measured by T2K, Daya Bay, 

 MINOS, RENO, Double Chooz 

 
     
   
Tri-bimaximal mixing was ruled out ! 

䖃 Deviation from Tri-bimaximal mixing ? 

 

䖃 Different Anzatz ? 
  Tri-maximal mixing,  Tri-bimaximal Cabibbo .... 
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Neutrino mass models make interesting predictions 
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family. Electroweak breaking then also generates Dirac mass terms for the neutrinos, with M(0)
Dirac = U0D0V†

0 .
If there is no seesaw, the Dirac mass eigenvalues mD

i (D0 = diag(mD
i )) are the physical neutrino masses.

However, large ∆Iw = 0 mass terms for the right-handed neutrinos arise naturally, as they are unsuppressed by

gauge quantum numbers. This Majorana mass matrix M(0)
Maj has entries which can be much larger than the

electroweak scale. After the seesaw,

M(0)
Seesaw = M(0)

Dirac

1

M(0)
Maj

M(0) T
Dirac , (5)

which can be reexpressed [14] as

M(0)
Seesaw = U0 D0 V

†
0

1

M(0)
Maj

V∗
0 D0 U

T
0 ,

= U0 C U
T
0 . (6)

C is the central matrix

C ≡ D0 V
†
0

1

M(0)
Maj

V∗
0 D0 , (7)

diagonalized by the unitary matrix F
C = F Dν F

T , (8)

where Dν is the diagonal matrix of the physical neutrino masses m1, m2, and m3. The MNSP matrix can then
immediately be written in the suggestive form

UMNSP = U†
−1 U0 F . (9)

Eq. (9) highlights the differences between UMNSP and UCKM , and provides the basis for our discussion.
Grand unification suggests connections between the MNSP and CKM matrices. The simplest Higgs struc-

tures lead to the following relations

SU(5) : M(−1/3) ∼ M(−1) T . (10)

SO(10) : M(2/3) ∼ M(0)
Dirac , (11)

which imply
U−1/3 ∼ V∗

−1 ; U2/3 ∼ U0,

so that
UMNSP = VT

−1/3 U−1/3 U
†
CKM F . (12)

Models can then be categorized according to the structure of the charge −1/3 Yukawa couplings and the number
of large angles in F . A particularly illustrative example [16] is the class of models with symmetric M−1/3, for
which

U−1/3 = V∗
−1/3 ,

which implies that the MNSP and CKM matrices are simply related

UMNSP = U†
CKM F . (13)

In this case, F must contain two large mixing angles η# and η⊕. As we will discuss in the next section,
Eq. (13) then implies that the solar angle η# experiences a Cabibbo shift θ# ∼ η# ±λ cos η⊕ ∼ η#±λ/

√
2, and

θ13 ∼ λ sin η⊕ ∼ λ/
√

2 due to the O(λ) 1 − 2 mixing in UCKM .
The above class of models provides well-motivated examples of leptonic Cabibbo shifts, but it is by no

means the only theoretical possibility. In the context of grand unification, the data also can hint that the
mixing matrix is initially bimaximal (η# = η⊕ = 45◦), with the solar angle shifted by a full-strength Cabibbo
shift: θ# ∼ η# − θc [17, 18, 19, 20]. While these examples can be motivated by flavor theories, one should
keep in mind that the data is not yet precise enough to select particular scenarios and the values of the large
angles are not known in the λ → 0 limit (if indeed that limit is meaningful for theory). Hence, we will now
explore parametrizations of the MNSP matrix which incorporate such leptonic Cabibbo effects purely from a
phenomenological standpoint.

3

Basic idea is simple:

Makes a prediction that 
so far looks right on: ✓13 = sin ✓C sin ✓23 ' 9�

Datta, Everett, Ramond, hep-ph/0503222 + others
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Frampton, Glashow, Marfatia (2002) 
Xing (2002) 
Merle, Rodejohann (2006) 
Goswami et. al (2006) 

Texture zeros for neutrinos  

Frampton, Glashow, Marfatia (2002) 
Xing (2002) 
Merle, Rodejohann (2006) 
Goswami et. al (2006) 

Texture zeros for neutrinos  

Predictions for Model A1  

K. Babu, Z. Devi, S. Goswami (2014) 
J. Liao, D. Marfatia, K. Whisnant (2014)  

Predictions for Model A1  

K. Babu, Z. Devi, S. Goswami (2014) 
J. Liao, D. Marfatia, K. Whisnant (2014)  

Talk by K. Babu

Predicting neutrino CP violation
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Therefore, we have � ' ⇡. For fixed sin2 ✓12 and sin ✓13, | cos �| increases with the
increasing of sin2 ✓23. However, sin2 ✓23 cannot increase arbitrarily since eq. (20)
and the measured values of sin2 ✓12 and sin2 ✓13 imply that the scheme with bi-
maximal mixing under discussion can be self-consistent only for values of sin2 ✓23,
which do not exceed a certain maximal value. The latter is determined taking into
account the uncertainties in the values of sin2 ✓12 and sin ✓13 in Section 3, where
we perform a statistical analysis using the data on sin2 ✓23, sin

2 ✓12, sin ✓13 and �
as given in [8].

In a similar way we obtain for the TBM case (✓⌫12 = sin�1(1/
p
3)):

sin � = � 2
p
2

3

sin�

sin 2✓12
, (32)

cos � =
2
p
2

3 sin 2✓12
cos�

✓
�1 +

2 sin2 ✓23
sin2 ✓23 cos2 ✓13 + sin2 ✓13

◆

+
1

3 sin 2✓12

sin 2✓23 sin ✓13
sin2 ✓23 cos2 ✓13 + sin2 ✓13

. (33)

The results for sin � and cos � we have derived are again exact and, as can be
shown, satisfy sin2 � + cos2 � = 1. Using the above expressions and the expression
for sin2 ✓12 given in eq. (22) and neglecting the corrections due to sin ✓13, we obtain
sin � ' � sin� and cos � ' cos�. With the help of eq. (25) we can express sin �
and cos � in terms of ✓12, ✓23 and ✓13. The result for cos � reads:

cos � =
tan ✓23

3 sin 2✓12 sin ✓13

⇥
1 +

�
3 sin2 ✓12 � 2

� �
1� cot2 ✓23 sin2 ✓13

�⇤
. (34)

For the best fit values of sin2 ✓12 = 0.31, sin2 ✓23 = 0.39 and sin ✓13 = 0.16, we find:

sin � ⇠= ±0.999 , cos � ⇠= � 0.0490 . (35)

Thus, in this case � ' ⇡/2 or 3⇡/2. For sin2 ✓23 = 0.50 and the same values of
sin2 ✓12 and sin2 ✓13 we get cos � ⇠= �0.096 and sin � ⇠= ±0.995.

The fact that the value of the Dirac CPV phase � is determined (up to an
ambiguity of the sign of sin �) by the values of the three mixing angles ✓12, ✓23 and
✓13 of the PMNS matrix, eqs. (30) and (34), are the most striking predictions of
the scheme considered with standard ordering and bimaximal and tri-bimaximal
mixing in the neutrino sector. For the best fit values of ✓12, ✓23 and ✓13 we get
� ⇠= ⇡ and � ⇠= ⇡/2 or 3⇡/2 in the cases of bimaximal and tri-bimaximal mixing,
respectively. These results imply also that in the scheme with standard ordering
under discussion, the JCP factor which determines the magnitude of CP violation
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Figure 2: Contour plots for N� =
p

�2 in the standard ordering setup and
normal hierarchy of neutrino masses. The value of the reactor angle ✓13 has been
marginalized. The solid, dashed and dotted thick lines represent respectively the
1�, 2� and 3� contours. The dashed blue lines are contours of constant |JCP | in
units of 10�2.

We construct the likelihood function and the �2 for both schemes of bimaximal
and tri-bimaximal mixing as described in Appendix B, using as parameters for this
model sin ✓13, sin

2 ✓23 and �, and exploiting the constraints on sin2 ✓12, sin
2 ✓23,

sin2 ✓13 and on � obtained in [8].
In Fig. 2 we show the contours of N� =

p
�2 in the (sin2 ✓23, �) plane, where

the value of sin ✓13 has been marginalized. The blue dashed lines represent the
contours of constant JCP (in units of 10�2). In Figs. 3 and 4, starting from the
same likelihood function, we show the bounds on the neutrino mixing parameters
and JCP in each scheme, both for normal and inverted neutrino mass hierarchy.
These bounds are obtained minimizing the �2 in the parameter space of the model,
keeping as a constraint the value of the corresponding parameter. To make a
direct comparison of the bounds obtained in the scheme considered by us with the
general bounds obtained in the global fit in [8], we show the results from [8] with
thin dashed lines. Thus, the thin dashed lines in Fig. 4 are the bounds on JCP

15

the PMNS neutrino mixing matrix. As examples of the implications of the results obtained on
the Majorana phases, we analyse the predictions for the e↵ective Majorana mass in (��)

0⌫-
decay for the symmetry forms of U⌫ considered in the cases of neutrino mass spectra with
inverted ordering and of quasi-degenerate type. In the concluding Section we summarise the
results of the present study.

2 The Framework

In what follows we consider three 3-neutrino mixing of the three left-handed (LH) flavour
neutrinos and antineutrinos, ⌫l and ⌫̄l, l = e, µ, ⌧ . The neutrino mixing matrix in this case
receives contributions from the diagonalisation of the charged lepton and neutrino Majorana
mass terms. Taking into account the contributions from the charged lepton and neutrino
sectors, the PMNS neutrino mixing matrix can be written as [25]:

U
PMNS

= U †
e U⌫ = (Ũe)

† Ũ⌫ Q0

. (6)

Here Ue and U⌫ are 3 ⇥ 3 unitary matrices originating from the diagonalisation respectively
of the charged lepton 5 and neutrino mass matrices, Ũe and Ũ⌫ are CKM-like 3 ⇥ 3 unitary
matrices and  and Q

0

are diagonal phase matrices each containing in the general case two
physical CPV phases,

 = diag
⇣
1, e� i , e� i!

⌘
, Q

0

= diag
⇣
1, ei

⇠21
2 , ei

⇠31
2

⌘
. (7)

The phase matrix Q
0

contributes to the Majorana phases in the PMNS matrix and can appear
in eq. (6) as a result of the diagonalisation of the neutrino Majorana mass term, while  

can originate from the charged lepton sector (U †
e = (Ũe)† ), or from the neutrino sector

(U⌫ =  Ũ⌫Q0

), or can receive contributions from both sectors.
Following the results of the analysis performed in [1], we will assume that the matrix Ũe

is a product of two orthogonal matrices describing rotations in the 12 and 23 planes and that
the two rotations in Ũe are in the “standard ordering”. It proves convenient to adopt for Ũe

the notation used in [1]:
Ũe = R�1

23

(✓e
23

)R�1

12

(✓e
12

) , (8)

where

R
12

(✓e
12

) =

0

@
cos ✓e

12

sin ✓e
12

0
� sin ✓e

12

cos ✓e
12

0
0 0 1

1

A , R
23

(✓e
23

) =

0

@
1 0 0
0 cos ✓e

23

sin ✓e
23

0 � sin ✓e
23

cos ✓e
23

1

A , (9)

and ✓e
12

and ✓e
23

are two arbitrary (real) angles.
We will assume further that the matrix Ũ⌫ has one of the following symmetry forms:

TBM, BM, LC, GRA, GRB and HG. For all symmetry forms of interest, Ũ⌫ is also a product
23 and 12 rotations in the plane:

Ũ⌫ = R
23

(✓⌫
23

)R
12

(✓⌫
12

) . (10)

5For charged lepton mass term written in the left-right convention, the matrix Ue diagonalises the hermitian
matrix MEM

†
E , U

†
eMEM

†
EUe = diag(m2

e,m
2
µ,m

2
⌧ ), ME being the charged lepton mass matrix.
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e,m
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µ,m
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⌧ ), ME being the charged lepton mass matrix.

4 Marzocca, Petcov, Romanini, Sevilla, arXiv:1302.0423
Petcov, arXiv:1405.6006

Predicting neutrino CP violation
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䃓CP=±䃟㻛㻞 

The predicton of CP phase depends on   
the respected Generators of FLASY and CP symmetry. 
7\SLFDOO\��LW�LV�VLPSOH�YDOXH��������±��� .  
                     7·���¨��12) Talk by M. Tanimoto

Predicting neutrino CP violation
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       LFV in Radiative Neutrino Mass Model (cont.) 

Sensitivity of Mu2e experiment

A.  Zee, (1985) 
Babu (1988) 

Talk by K. Babu

⌫i ⌫j`ck`k

H+⌘+

*

H0
a

+

Figure 1: One–loop diagram generating neutrino masses in our realization of the Zee model.

the masses of the physical charged scalar states as M
1

and M
2

. The induced neutrino mass matrix

is then obtained to be

M⌫ = 
⇣

f̂Mdiag

` Ŷ T + Ŷ Mdiag

` f̂T
⌘

. (17)

Here Mdiag

` ⌘ diag.(me, mµ, m⌧ ) is the diagonal charged lepton mass matrix, and f̂ and Ŷ are

the Yukawa coupling matrices given in Eqs. (14) and (16). The overall factor  involves the loop

integral, and is given by

 =
sin 2�

16⇡2

log

✓

M2

1

M2

2

◆

. (18)

The main di↵erence of our realization of the Zee model compared to the Wolfenstein realization

[2] is the flavor structure of M⌫ . In the Zee–Wolfenstein model the Ŷ of Eq. (17) is replaced by

Mdiag

` /v, in which case all diagonal entries of the neutrino mass matrix would be zero. Such a

mass matrix is now excluded by neutrino oscillation data. In our version, since Ŷ has o↵-diagonal

elements, this will not be the case. In the general Zee model, Ŷ would be a generic matrix, as

opposed to the specific matrix Ŷ in Eq. (16) here. Thus, in our model, all neutrino data would be

determined by only four parameters: an overall factor (f
23

), and three parameters (x, y, tan�)

that appear in f̂ and Ŷ . We now proceed to analyze the predictions of this model for neutrino

oscillation parameters.

An interesting feature of M⌫ of Eq. (17) is that Tr [M⌫ ] = 0. This can be seen as follows:

Tr [M⌫ ] = 2Tr [UT
L fULM

diag

` UT
RY

H±T
Yuk

UL]

= (2 tan�/v) Tr [fULM
diag

` UT
RM

T
` (1� P )]

= (2 tan�/v) Tr [fUL(M
diag

` )2UT
L (1� P )]

= 0 . (19)

Here we defined a diagonal matrix P = (1+ cot2 �) diag (1, 0, 0). The last step of Eq. (19) follows

by noting that the first term Tr [fUL(M
diag

` )2UT
L ] = Tr [f̂(Mdiag

` )2] vanishes owing to f̂ being

antisymmetric. The second term Tr [fUL(M
diag

` )2UT
LP ] also vanishes, since P is nonzero only in

the entry P
11

, while f is nonzero only in the f
23

and f
32

entries. Traceless neutrino mass matrices

have been studied in Ref. [9].

8
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SO(10) GUT with extra family symmetry  
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Title of talk 57 

S. Raby

Title of talk 56 

Title of talk 47 

SO(10) x [ D3 x U(1)  family sym. ] 
Yukawa  Unification  for  3rd  Family 

Dermisek & Raby    
PLB 622:327 (2005). 

7 real para’s  
+   4 phases 

 +  3  real Majorana 
Neutrino masses 
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It has been shown that, thanks to flavour effects, the low 
energy phases enter directly the baryon asymmetry. 
Example in see-saw type I, with NH (m1<< m2 <<m3), M1<M2<M3, M1~5 
10^11 GeV:

31

Does observing low energy CPV imply a baryon asymmetry?

7 – Observing low-energy CPV implies leptogenesis?

Leptogenesis due uniquely to the Dirac phase.
|YB| ∝ c2

23 s12 s13 |sin δ|.

For R2
12 = 0.85, R2

13 = 0.15, we get
|YB| ∼= 2.8 × 10−11 | sin δ|

(
s13

0.2

) (
M1

1011 GeV

)
.

Imposing M1 < 5 × 1011 GeV for flavour effects to be important, we find
| sin θ13 sin δ| >∼ 0.11 , sin θ13

>∼ 0.11 .

!11.5 !11 !10.5 !10 !9.5 !9
Log10YB

!0.04

!0.02

0

0.02

0.04

J CP

Large theta13 implies that delta can give an important 
(even dominant) contribution to the baryon asymmetry.    
Large CPV is needed and a NH spectrum. 

SP, Petcov, Riotto, 
PRD75 and NPB774

✏⌧ / M1f(Rij)
h
c23s23c12 sin

↵32

2
� c223s12s13 sin(� �

↵32

2
)
i

| sin ✓
13

sin �| > 0.11

sin ✓
13

|
exp

' 0.15

Talk by S. Pascoli

Neutrinos and leptogenesis 
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Measuring a Majorana phase using
Neutrinoless Double Beta Decay and Cosmology   
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2

meV. This suppression can be inferred by measuring the
cosmic microwave background temperature [11] and po-
larization [12] on small angular scales. Following the ini-
tial detections by the Atacama Cosmology Telescope [13]
and the South Pole Telescope [14], the Planck satellite
has now mapped the potential with 27-sigma [15] sig-
nificance. Prospects for measuring the spectrum of the
potential with upcoming small scale CMB polarization
experiments and with galaxy surveys [16] lead to projec-
tions that

P
m⌫ can be constrained at 16 meV level.

INVERTED HIERARCHY

If the mass hierarchy is determined by other experi-
ments to be inverted so that m3 < m1,m2, then both
m1 and m2 are of order matm or larger. Further, the
smallness of sin2 ✓13 means that the last term in Eq. (1)
can be neglected so that

minv
�� ' c213

h
(m1c

2
12)

2 + (m2s
2
12)

2

+2 cos(2�2)(m1c
2
12)(m2s

2
12)

i1/2
. (4)

Fig. 1 shows the region allowed by current measurements
for m�� and

S ⌘
X

m⌫ (5)

and a projected future measurement centered on a ran-
domly chosen “truth” value. The width of the gray band
is determined by the Majorana phase �2. If nature has
chosen the point in parameter space indicated by the star,
then the combination of neutrinoless double beta decay
and cosmic surveys will narrow the allowed range; i.e.,
it will pin down not only the sum of the masses and the
Majorana nature of the neutrino but also constrain �2.

To project the error on the phase, we need to transform
the projected constraints on the two parameters p1 =
m�� and p2 = S to a di↵erent parameter set, (q1 =
cos(2�2), q2 = S). The constraints on ~p are uncorrelated,
so the Fisher matrix that describes these constraints is
trivial:

Fij =

✓
1/�2

� 0
0 1/�2

S

◆
(6)

where we take �� = 10 meV and �S = 20 meV. Here
�� represents a combination of the uncertainty from the
nuclear matrix elements [17] in the extraction of m�� ,
together with the experimental uncertainties. For sim-
plicity we will neglect uncertainties on the mixing an-
gles, which in any case will be known with consider-
able precision from future planned experiments. Relat-
ing the Fisher matrix of the new parameter set (q1 =

FIG. 1: Projected constraints on neutrino parameters from
upcoming cosmic surveys (vertical), neutrino-less double beta
decay experiments (horizontal), and all other current mea-
surements (gray) assuming an inverted mass hierarchy and
Majorana neutrinos.

cos(2�2), q2 = S) to the Fisher matrix of the old param-
eter set requires the transformation

F̃ab =
@pi
@qa

@pj
@qb

Fij . (7)

Two partial derivatives of m�� are needed in Eq. (7).
The first, @m��/@ cos(2�2). is easily obtained by di↵er-
entiating Eq. (4). The derivative with respect to S is
trickier but can be computed by recognizing that

S = m3 +
q

m2
3 +m2

atm +
q
m2

3 ++m2
atm +m2

s . (8)

Di↵erentiating both sides with respect to S leads to an
expression for @m3/@S at fixed �2. From this, @m2/@S =
(m3/m2) @m3/@S and similarly with m1. Therefore, the
derivative of m�� with respect to S (at fixed phase �2)
is

@m��

@S
=

m1m2m3

m�� [m1m2 +m1m3 +m2m3]

⇥
"
c412c

4
13 + s412c

4
13

+
m2

1 +m2
2

m1m2
c212c

4
13s

2
12 cos(2�2)

#
. (9)

Since @m��/@S and @m��/@ cos(2�2) are both non-zero,
the diagonal F is transformed into an o↵-diagonal F̃ .
The projected error on one parameter – say cos(2�2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F̃�1; the diagonal components of F̃�1 are the projected
squared errors on the two parameters. A simple check

3

is that the marginalized error on S – the square root of
(F̃�1)22 – remains the same, equal to �S . The error on
the phase is

(� cos(2�2))
2 = (F̃�1)11

=

✓
@m��

@ cos(2�2)

◆�2 h
�2

� +

✓
@m��

@S

◆2

�2
S

i
. (10)

Fig. 2 shows this error as a function of S for two di↵erent
values of �2. Note that, for S small and cos(2�2) = �1,
the projected 1-sigma error on the cosine is 0.35, close to
6-sigma away from the �2 = 0 value.

FIG. 2: Projected one-sigma constraint on the cosine of the
Majorana phase from combined cosmic survey and neutrino-
less double beta decay experiments. These constraints are
relevant if the mass hierarchy is determined to be inverted.

NORMAL HIERARCHY

If the mass hierarchy is normal so thatm1 < m2 < m3,
there is no guarantee that, even if neutrinos are Majorana
particles, the most aggressive double beta decay exper-
iment will see events. The parameter that determines
the decay rate, m�� , can vanish if the unknown phases
conspire to make us unlucky. This is captured by the
gray band in Fig. 3, which shows that m�� can be ar-
bitrarily small. However, there is an interesting synergy
between the cosmological constraints and double beta de-
cay. If the cosmological constraints point to a large value
of

P
m⌫ , for example at the star in the figure, then we

will be handed a lower limit on m�� . The lower limit on
m�� is shown as a function of S in Fig. 4.

Therefore, upcoming cosmic surveys have the poten-
tial to motivate further neutrinoless double beta decay
experiments, as we may be able to infer a lower limit on
m�� . In the absence of this lower limit, we will never be

FIG. 3: If the mass hierarchy is normal but the sum of the
masses is still relatively large, for example at the value indi-
cated by the star, then there will be a lower limit on m�� , a
target for ambitious future double beta decay experiments.

guaranteed an answer to the question of whether neutri-
nos are Majorana or Dirac particles.

FIG. 4: In the normal hierarchy, the minimum value of m��

as a function of the lower limit on the sum of the masses
that would be obtained in cosmic surveys. If the surveys findP

m⌫ is greater than (m⌫)min, then m�� must be above the
curve.

Acknowledgments We are grateful to Bob Tschirhart,
André de Gouvêa, and Boris Kayser for useful sugges-
tions and conversations. This work is supported by the
U.S. Department of Energy, including grant DE-FG02-
95ER40896. Note added: after this work was finished,
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results.
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�� represents a combination of the uncertainty from the
nuclear matrix elements [17] in the extraction of m�� ,
together with the experimental uncertainties. For sim-
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able precision from future planned experiments. Relat-
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Two partial derivatives of m�� are needed in Eq. (7).
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Since @m��/@S and @m��/@ cos(2�2) are both non-zero,
the diagonal F is transformed into an o↵-diagonal F̃ .
The projected error on one parameter – say cos(2�2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F̃�1; the diagonal components of F̃�1 are the projected
squared errors on the two parameters. A simple check
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Since @m��/@S and @m��/@ cos(2�2) are both non-zero,
the diagonal F is transformed into an o↵-diagonal F̃ .
The projected error on one parameter – say cos(2�2) –
must be obtained by marginalizing over all possible val-
ues of the other. The simple way to do this is to compute
F̃�1; the diagonal components of F̃�1 are the projected
squared errors on the two parameters. A simple check

S. Dodelson and JL, arXiv:1403.5173, 
and many previous works
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Mixing as a window to hidden sectors 
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Sterile neutrinos

Definition

Sterile neutrino = SM singlet fermion

Very generic extension of the SM
! can be leftovers of extended gauge multiplets (e.g. GUT multiplets)

Very useful in phenomenology:
! Can explain smallness of neutrino mass

(seesaw mechanism, m ∼ TeV . . . MPl)
! Can explain baryon asymmetry of the Universe

(leptogenesis, m " 100 GeV)
! Can explain dark matter

(m ∼ keV)
! Can explain various neutrino oscillation anomalies

(m ∼ eV)

Joachim Kopp Theory and Phenomenology of Sterile Neutrinos 4

Talk by J. Kopp

• Lots of good motivations for 
various kinds of steriles

• More generally, neutral 
particles like to mix with other 
neutrals

• So we will never ever stop 
looking for steriles

Sterile Neutrinos
• eV: SBL Anomalies

• eV: Neff (Cosmology, BBN), r-process

• eV: BICEP-2 and Planck

• ! eV: missing upturn of P!
ee

• keV: Warm Dark Matter

• TeV: Z-width, NuTeV

• 1010 GeV: Leptogenesis

• 1015 GeV: Seesaw Mechanism

20

W. Rodejohann
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Sterile Neutrinos: the usual plot for double beta decay. . .

. . . gets completely turned around!
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3 ν (best-fit)
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0.001 0.01 0.1

3 ν (best-fit)
1+3 ν  (best-fit)

sin

Barry, W.R., Zhang, JHEP 1107; Giunti et al., PRD 87; Girardi, Meroni,

Petcov, 1308.5802

49

W. Rodejohann

• A reminder that the 3-flavor 
PMNS picture is still just an 
assumption

• And there could be other 
nonstandard neutrino interactions

〈mν〉 versus mν1: May 2014

10!4 10!3 10!2 10!1 100
10!4

10!3

10!2

10!1

100

〈m
ν
〉

[e
V

]

mν1 [eV]

⇓ Inverse hierarchy

T1/2(136Xe) ≥ 1.9 × 1025 ys
NME: Faessler et al., 1301.1587

Planck ⇒

Global fit data from:

Forero, Tortola

& Valle, arXiv:1405.7540

all ranges at 1 σ c.l.

For mass hierarchy

see talk by W. Winter

For CP violation

see talk by S. Pascoli

Neutrino-2014, Boston – p.7/48

Talk by M. Hirsch

Sterile neutrinos and neutrinoless 
double beta decay
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• the WIMP miracle is starting to look like the WIMP fairytale

• theorists may soon have to stop saying “it’s a 100 GeV neutralino, stupid”

• good news: already DAMA, CoGeNT, etc have inspired the theory 
community to start taking a much broader view of the dark sector

WIMPs getting wimpier SpinIIndependent%Exis*ng%and%Projected%Sensi*vi*es%

Joseph Lykken                                                                                                                   Neutrino 2014 Conference, Boston, June 7, 2014
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• The “Neutrino Floor” is itself interesting never-before-seen physics: 
coherent neutrino-nucleus scattering

WIMPs getting wimpier SpinIIndependent%Exis*ng%and%Projected%Sensi*vi*es%

Joseph Lykken                                                                                                                   Neutrino 2014 Conference, Boston, June 7, 2014

Talk by G. McLaughlin
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Dark matter and neutrinos 
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• Neutrinos are the dark matter?

• Dark matter annihilates into neutrinos?

• Dark matter decays into neutrinos?

Talk by A. Ibarra
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Sterile neutrinos as dark matterSterile neutrinos as dark matter

Bulbul et al, 1402.2301 Boyarsky al, 1402.4119

The future Astro-H mission will hopefully clarify the nature of this line. 

Requires nL/s ~ 10-5 (compared to nB/s ~ 10-10 ) 

Talk by A. Ibarra

Sterile neutrino dark matter: already discovered?
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Limits on the annihilation cross-sectionLimits on the annihilation cross-section

Neutrinos from dark matter annihilations in the Milky Way halo

DM

DM

g

e-,e+

p, p

n, n

Limits on the scattering cross-sectionLimits on the scattering cross-section

n, n

n, nn, ne+, g, p

● If the dark matter particles have a “sizable” interaction cross section
with ordinary matter, they can be captured inside the Sun (and inside the Earth). 

● The annihilation produces a neutrino flux which might be detected in neutrino 
observatories. All other annihilation products (gammas, positrons, antiprotons...) 
are absorbed before escaping the Sun.

● DM particles captured inside the Sun can annihilate.

Neutrino flux related
To the scattering cross-section

Limits on the dark matter lifetimeLimits on the dark matter lifetime

DM

g

e-,e+

p, p

n, n

Neutrinos from dark matter annihilation or decay  

Talk by A. Ibarra
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Hidden sector gauge forces and dark matter
Interesting connection to dark matter physics:

The same gauge force that suppressed sterile neutrino production
can also solve small scale structure problems:

Too big to fail problem
Cusp vs. core problem
Missing satellites problem
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Dasgupta JK arXiv:1310.6337
Joachim Kopp, MPIK Sterile neutrinos on Earth and in the skies 28

Talk by J. Kopp

~eV sterile neutrinos and dark forces?  



Outlook                     
• Neutrinos connect to almost all of the big 

questions of particle physics: pursue the 
oddballs!

• Anyway you cannot escape them: people 
doing dark matter, colliders, cosmology all 
are facing neutrinos

• The challenge of understanding the 
dynamical origins of fermion masses and 
mixings will require probing higher scales 
both directly and indirectly

• Whether canonical thinking is correct or 
not, we have entered a New Age 
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Not the End
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