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“Wimpy and Abundant” 
Neutrinos are Everywhere

• They come from the Big Bang:
– When the Universe was hot, neutrinos were created 

equally with any other particles
– They are still left over: ~300 neutrinos per cm3

• They come from the Sun:
– Trillions of neutrinos going through your body every 

second
• They are shy:

– If you want to stop them, you need to stack up lead shield 
up to three light-years
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Outline

• Introduction
• Neutrinos in the Standard Model
• Evidence for Neutrino Mass
• Implications of Neutrino Mass
• Solar Neutrinos
• Matter Effect in Solar Neutrinos
• Masses and Mixings
• Leptogenesis
• Conclusions
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Neutrinos in the Standard Model
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Puzzle with Beta Spectrum

• Three-types of 
radioactivity: α, β, γ

• Both α, γ discrete spectrum 
because 

Eα, γ = Ei – Ef

• But β spectrum continuous

F. A. Scott, Phys. Rev. 48, 391 (1935)

Bohr: At the present stage of atomic theory, however, we may say 
that we have no argument, either empirical or theoretical, for 
upholding the energy principle in the case of β-ray disintegrations
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Desperate Idea of Pauli
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Three Kinds of Neutrinos

• There are three • And no more



9

Neutrinos are Left-handed
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Neutrinos must be Massless

• All neutrinos left-handed ⇒ massless
• If they have mass, can’t go at speed of light.

• Now neutrino right-handed?? 
⇒ contradiction ⇒ can’t have a mass
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Anti-Neutrinos are Right-handed

• CPT theorem in 
quantum field theory
– C: interchange particles 

& anti-particles
– P: parity
– T: time-reversal

• State obtained by CPT 
from νL must exist: νR

_
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Other Particles?

• What about other particles?  Electron, muon, 
up-quark, down-quark, etc

• We say “weak force acts only on left-handed 
particles” yet they are massive.

Isn’t this also a contradiction?
No, because we are swimming in a
Bose-Einstein condensate in Universe
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Universe is filled with Higgs

• “Empty” space filled with a BEC: cosmic superconductor
• Particles bump on it, but not photon because it is neutral.
• Can’t go at speed of light (massive), and right-handed and 

left-handed particles mix ⇒ no contradiction
But neutrinos can’t bump because 
there isn’t a right-handed one                       
⇒ stays massless0.511 MeV/c2

105 MeV/c2

176,000 MeV/c2
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Standard Model

• Therefore, neutrinos are strictly massless in 
the Standard Model of particle physics
Finite mass of neutrinos imply the Standard 
Model is incomplete!

• Not just incomplete but probably a lot more 
profound
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Neutrinos are shy

• Order of magnitude of neutrino cross section on proton at rest:
• Very small, poorly measured 

8

Minerba Betancourt

Neutrino Cross SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 

14

S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
6 

neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE 
CNGS 

atmospheric 

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Charged Current Interactions

T2K NOvA
DUNE
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Neutrinos 
from backstage to center stage

• Pauli bet a case of 
champagne that noone 
would discover neutrinos

• Finally discovered by 
Cowan and Reines using a 
nuclear reactor in 1958

• Massless Neutrinos in the 
Standard Model (‘60s)

• Evidence for neutrino mass 
from SuperK (1998) and 
SNO (2002)

• First evidence that the 
minimal Standard Model of 
particle physics is 
incomplete! 

• 2002 Nobel to pioneers: 
Davis and Koshiba
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Lot of effort since ‘60s

Finally convincing 
evidence for “neutrino 
oscillation”

Neutrinos appear to 
have tiny but finite mass

Super-K
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http://hitoshi.berkeley.edu/neutrino

All limits are at 90%CL
unless otherwise noted
Normal hierarchy assumed
whenever relevant

CHOOZK2K

Bugey

CHORUS
NOMAD

CHORUS

NOMAD

CDHSW

NOMAD

LSND 90/99%

MiniBooNE

OPERA

ICARUS

Daya Bay 95%T2K
RENO 95%

Super-K
MINOS

T2K
NOνA

IceCube



18

Typical Theorist’s View ca. 1990

• Solar Neutrino Problem must be solved by 
Small Angle MSW solution because it is so 
beautiful

• Important scale for oscillation is Δm2≈10-100 
eV2 because it is cosmologically relevant

• θ23 must be about θ23≈Vcb≈0.04
• atmospheric neutrino anomaly must go away 

because it requires large mixing angle

Wrong!

Wrong!

Wrong!

Wrong!
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Evidence for Neutrino Mass
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Super-Kamiokande (SuperK)

• Kamioka Mine in 
central Japan

• ~1000m 
underground

• 50kt water
• Inner Detector

– 11,200 PMTs
• Outer Detector

– 2,000 PMTs

Michael Smy
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SuperKamiokaNDE 
Nucleon Decay Experiment

• p→e+π0, K+ν, etc
– So far not seen
– Atmospheric neutrino 

main background

• Cosmic rays isotropic
– Atmospheric neutrino 

up-down symmetric



• mu/e ratio

• problem w/ Water Ch?

• neutron BG?

• particle ID?

• proton decay?

0
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IMB, PRL 69, 1010 (1992)
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A half of νµ lost!



Atmospheric neutrinos

IMB, PRL 69, 1010 (1992)

SuperK

1998
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MIT commencement 6/5/98

Just yesterday in Japan, physicists announced a discovery that tiny 
neutrinos have mass. Now that may not mean much to most 
Americans. But it may change our most fundamental theories, from 
the nature of the smallest subatomic particles to how the universe 
itself works, and indeed, how it expands. This discovery was made in 
Japan, yes, but it had the support of the investment of the US 
Department of Energy. 

This discovery calls into question the decision made in Washington a 
couple of years ago to disband the superconducting supercollider, 
and it reaffirms the importance of the work now being done at the 
Fermi National Accelerating Facility in Illinois.
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Neutrino’s clock

• Time-dilation: the clock 
goes slower

• At speed of light v=c, 
clock stops

• But something seems to 
happen to neutrinos on 
their own

• Neutrinos’ clock is 
going

• Neutrinos must be 
slower than speed of 
light

⇒Neutrinos must have a 
mass
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The Hamiltonian

• The Hamiltonian of a freely-propagating 
massive neutrino is simply

• But in quantum mechanics, mass is a matrix 
in general.  2×2 case:
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Two-Neutrino Oscillation

• When produced (e.g., π+→µ+νµ), neutrino is 
of a particular type 

• No longer 100% νµ, partly ντ! 

• “Survival probability” for νµ after t 
<latexit sha1_base64="0XomVOkOglJ5yx8KugYHVn769w8="></latexit>
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Survival Probability

Half of the up-going 
ones get lost

p=1 GeV/c, sin2 2θ=1         
Δm2=2.5×10–3(eV/c2)2
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Excellent Fit

Downwards νµ’s don’t disappear

1/2 of upwards νµ’s do disappear

χ2/dof=839.7/755 (18%) 

Δm2=2.5×10-3 eV2 

sin22θ=1
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Fit 2023 9
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FIG. 5. Zenith angle or momentum distributions for the 19 analysis samples without neutron tagging. The first column shows
the momentum bins for samples which are not also binned by zenith angle, while the second through fifth columns show the
1D zenith angle distributions for samples which use 2D momentum-and-zenith-angle binning. The MC distributions are shown
at the best-fit point in the normal ordering, cf. Tab. IV, with best-fit systematic pulls applied. Di↵erent colors in the MC
histograms correspond to the true neutrino flavors present in each sample. Panels beneath each distribution show the data-MC
ratio, and all error bars are statistical. FC (non-PC and non-Up-µ) sub-GeV and multi-GeV single-ring samples, marked with
an asterisk (*), contain events from only SK I–III, while the corresponding events from SK IV–V are separated into samples
using tagged neutron information, shown in Fig. 6.

analysis due to their poor direction resolution and con-
sequently minimal sensitivity to oscillation e↵ects, with
two exceptions: First, multi-ring events with Evis. >
600MeV where the most energetic ring is µ-like and has
a reconstructed momentum of at least 600MeV/c are
included in the multi-ring µ-like sample. Second, FC
NC interactions which produce a ⇡0 are an oscillation-
insensitive background to the other samples, but are
included in the analysis to constrain NC interactions.
These neutral current ⇡0 events are identified from sub-
GeV events using a dedicated fitter which assumes there
are two rings present, regardless of the number of recon-
structed rings. Events are classified as ⇡0-like based on
the likelihood that the two fitted rings originate from a ⇡0

decay. Events which are classified as ⇡0-like are separated
into two samples based on the number of reconstructed
rings without the two-ring assumption, either one or two.

Partially contained events have typical energies be-
tween 1GeV to 1TeV, and are nearly all ⌫µ CC inter-
actions, as the muon produced in the interaction often
exits the ID. The muon momentum in PC events can
only be estimated using the portion of the track within
the detector. Partially contained events which exit the
ID and stop within the OD, determined by comparing the
amount of light in the OD to simulated PC events, are
classified as stopping, while PC events that completely
exit the detector are classified as through-going.

Upward-going muon events are the highest-energy
events, up to ⇠ 10TeV, observed at SK and are classified
into three samples: “stopping” if the muon stops within
the ID, otherwise “showering” or “non-showering,” de-
pending on whether or not the exiting muon’s charge
deposition is consistent with radiative losses. The earth
shields the Up-µ sample from cosmic ray backgrounds

21

0.35 0.4 0.45 0.5 0.55 0.6 0.65
23θ2sin

2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

)2
 e

V
-3

 (1
0

322
m

∆

Normal ordering, 90% C.L.
 
 
 
 
 

 
MINOS/MINOS+ 2020
NOvA 2020
T2K 2023
IceCube 2023
Super-K

FIG. 17. 2D constant ��2 contours of neutrino oscillation
parameters �m2

32 and sin2 ✓23 for the normal mass ordering.
Contours are drawn for a 90% critical �2 value assuming 2
degrees of freedom, with the ��2 computed for each exper-
iment with respect to the best-fit point in the normal mass
ordering. The Super-K contour shows the result of this anal-
ysis, and other contours are adapted from publications by
MINOS+ [53], NOvA [56], T2K [54], and IceCube [55]. Best-
fit points are indicated with markers for each experiment.

verted orderings for the fit with sin2 ✓13 constrained is
�1.75, which is consistent with the atmospheric-only
analysis at the 1� level. This fit also finds improved con-
straints on �CP in the inverted ordering for values near
⇡/2: The constraint on sin2 ✓13 fixes the e↵ect size of the
mass ordering, such that the separate modifications to ⌫e
appearance from �CP are more readily resolved.

In this fit, the preference for the normal ordering in-
creases to ��2

I.O.�N.O.
= 5.69. This improvement is con-

sistent with the observed preference for smaller value of
sin2 ✓13 in the inverted ordering fit with sin2 ✓13 free: The
�2 value in the inverted ordering increases with the added
constraint, while the �2 value in the normal ordering re-
mains similar to the result without the constraint.

Figure 17 shows the comparison of the results of
the ✓13-constrained analysis of SK atmospheric neu-
trino data with other contemporary results from MI-
NOS/MINOS+ [53], NOvA [4], T2K [54], and Ice-
Cube [55]. As can be seen from the contours, SK at-
mospheric neutrino data are consistent with the other
experiments at the 90% level. While the atmospheric
neutrino data find a best-fit value of sin2 ✓23 in the lower
octant, we note that the previous publication found a
best-fit value in the upper octant [5], and that value of
sin2 ✓23 in both octants are allowed at the 1� level.

V. INTERPRETATION

Table V summarizes the fit results of the analyses pre-
sented in this work. In both analyses, the normal order-
ing is preferred, and the best-fit oscillation parameters
predict weaker sensitivities to the neutrino mass ordering
than the observed ��2

I.O.�N.O.
. To quantify the signifi-

cance of the mass ordering preference from the fit results,
we generated ensembles of toy data sets to produce dis-
tribution of the ��2

I.O.�N.O.
statistic3. Each toy data

set consists of fluctuated counts according to each bin’s
statistical uncertainty which are scaled by randomly sam-
pling the systematic uncertainty coe�cients. Ensembles
were generated assuming both the normal and inverted
mass orderings and with oscillation parameters fixed at
the best-fit points. We fit each toy data set in each or-
dering with �m2

32
, sin2 ✓23, and �CP as free parameters

to compute ��2

I.O.�N.O.
.

Figure 18 shows the distribution of ��2

I.O.�N.O.
com-

pared with the data fit result for the atmospheric analysis
with sin2 ✓13 constrained. The probability of observing a
more extreme result than the data (the p-value) is given
by the area to the right of the data line in the normal or-
dering scenario, and by the area to the left of the data line
in the inverted ordering scenario. While the figure shows
the p-value determined from simulated data sets for the
inverted mass ordering is 0.0091, we note that with the
present SK statistics, the expected sensitivity remains
weak for rejecting either ordering. Indeed, the p-value
for the data result within the normal ordering, 0.88, is
not especially likely either. For the situation in which
the data must select between two mutually-exclusive hy-
potheses, the CLs method [58] provides an estimate of
the p-value that considers simultaneous agreement from
both hypotheses:

CLs =
pI.O.

1� pN.O.

, (13)

where pN.O. and pI.O. refer to the p-values in the nor-
mal or inverted ordering. This prescription decreases
the significance for rejecting the inverted hypothesis pro-
portional to the simultaneous significance of accepting
the normal ordering hypothesis. The CLs for the atmo-
spheric analysis with sin2 ✓13 constrained is 0.077, corre-
sponding to a rejection of the inverted mass ordering at
the 92.3% confidence level. This number is similar to the
previous SK result, CLs = 0.070 [5], despite originating
from a larger ��2, 5.69 versus 4.33. While the mass or-
dering sensitivity and data result both increased for this
analysis, the probability of obtaining the data result si-
multaneously decreased in both orderings, resulting in a
similar CLs value.

3
Because the two mass ordering scenarios are not nested hypothe-

ses, taking the square root of ��2

I.O.�N.O.
to estimate the signif-

icance by invoking Wilks’ theorem is not recommended [57].
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Implications of Neutrino Mass



38

Mass Spectrum

What do we do now?
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Rare Effects from High-Energies

• Effects of physics beyond the SM as 
effective operators

• Can be classified systematically (Weinberg)
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Unique Role of Neutrino Mass

• Lowest order effect of physics at short distances
• Tiny effect (mν/Eν)2~(0.1eV/GeV)2=10–20!

• Interferometry (i.e., Michaelson-Morley)
– Need coherent source
– Need interference (i.e., large mixing angles)
– Need long baseline

Nature was kind to provide all of them!
• “neutrino interferometry” (a.k.a. neutrino oscillation) a 

unique tool to study physics at very high scales
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courtesy HM & Zoltan Ligeti
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Neutrinos have mass

• They have mass.  Can’t go at speed of light.

• What is this right-handed particle?
– New particle: right-handed neutrino (Dirac)
– Old anti-particle: right-handed anti-neutrino (Majorana)
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Two ways to go

(1) Dirac Neutrinos:
– There are new particles, 

right-handed neutrinos, 
after all

– Why haven’t we seen 
them?

– Right-handed neutrino 
must be very very 
weakly coupled

– Why?
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Extra Dimension

• All charged particles are on a 3-brane
• Right-handed neutrinos SM gauge singlet
⇒ Can propagate in the “bulk”

• Makes neutrino mass small
(Arkani-Hamed, Dimopoulos, Dvali, March-Russell;
Dienes, Dudas, Gherghetta; Grossman, Neubert; 
Barbieri, Strumia)

• Or SUSY breaking
(Arkani-Hamed, Hall, HM, Smith, Weiner;

Arkani-Hamed, Kaplan, HM, Nomura) 
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Two ways to go

(2) Majorana Neutrinos:
– There are no new light 

particles
– What if I pass a 

neutrino and look back?
– Must be right-handed 

anti-neutrinos
– No fundamental 

distinction between 
neutrinos and anti-
neutrinos!



Seesaw Mechanism

• Why is neutrino mass so small?
• Need right-handed neutrinos to generate 

neutrino mass
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mD2

M
<< mD

To obtain m3~(Δm2
atm)1/2, mD~mt, M3~1015GeV (GUT!)

, but νR SM neutral
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Grand Unification

• electromagnetic, weak, 
and strong forces have 
very different strengths

• But their strengths become 
the same at 1016 GeV if 
supersymmetry

• To obtain 
m3~(Δm2

atm)1/2, mD~mt

⇒ M3~1015GeV!
Neutrino mass may be 
probing unification:

Einstein’s dream

M3

EM

weak

strong



48

Solar Neutrinos



49

How the Sun burns

• The Sun emits light because nuclear fusion 
produces a lot of energy
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ec

Figure 14.1: Spectrum of solar neutrino fluxes predicted by SSM calculation in [41]. In addition
to standard fluxes, ecCNO neutrinos have been added based on [42]. Electron capture fluxes are
given in cm≠2s≠1. Taken from [43].

Table 14.2: List of solar neutrino experiments

Name Target material Energy threshold (MeV) Mass (ton) Years
Homestake C2Cl4 0.814 615 1970–1994

SAGE Ga 0.233 50 1989–
GALLEX GaCl3 0.233 100 [30.3 for Ga] 1991–1997

GNO GaCl3 0.233 100 [30.3 for Ga] 1998–2003
Kamiokande H2O 6.5 3,000 1987–1995

Super-Kamiokande H2O 3.5 50,000 1996–
SNO D2O 3.5 1,000 1999–2006

KamLAND Liquid scintillator 0.5/5.5 1,000 2001–
Borexino Liquid scintillator 0.19 300 2007–2021

was chemically extracted and introduced into a low-background proportional chamber every few
months. The Auger electrons from electron capture of 37Ar were counted to determine the reaction
rate.

From the beginning, the observed number of neutrinos in the Homestake mine experiment was
significantly smaller than the prediction by SSM — it was almost one-third. After thorough checks
of both experimental and theoretical work, the discrepancy remained. This became to be known as
the solar neutrino problem. The final result from the Homestake experiment is 2.56 ± 0.16 ± 0.16
SNU [45], where SNU (solar neutrino unit) is a unit of event rate, 1 SNU = 10≠36 captures/(s
atom). On the other hand, prediction based on SSM is 8.46+0.87

≠0.88
SNU [46].

31st May, 2024
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SuperK sees the Sun

Elastic scattering νee→νee
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Homestake Experiment

• The first solar neutrino 
experiment 1970-98

• 600t dry cleaning fluid 
Cl2C=CCl2 perchloroethylene

• νe 37Cl (24%)→e- 37Ar
• Makes ~0.5atom/day
• Extract them by He bubbling 

every ~2wks
• Count 37Ar decay in a 

proportional counter         
τ1/2=35.04 days

2.56±0.23 SNU vs 7.6+1.3−1.1 predicted
1 SNU = 10−36 captures/atom/sec
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Ga Experiments

• νe
71Ga (40%)→e− 71Ge

• Low threshold                  
Eν> 0.23MeV,      sensitive 
to pp ν’s

• Radiochemical
• GALLEX in Gran Sasso, 

SAGE in Baksan
• Capture cross section 

calibrated by 51Cr source 
(>60 PBq)!

74+7−8 (GALLEX) 75+8−7 (SAGE) SNU 
cf. 128+9−7 predicted
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We don’t get enough

• Neutrino 
oscillation?

• Something wrong 
with our 
understanding of 
the Sun?
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NEUTRINO MOMENTS, MASSES AND CUSTODIAL SU(2) ~

Howard GEORGI and Michael LUKE

Lyman Laboratory ofPhysics, Hartard Uniiersiiv, Cambridge, MA 02138, USA

Received 17 April 1990

We identify and exemplify a new mechanism which leads to a nonzero magnetic moment for
a neutrino, while suppressing the neutrino’s mass. The mechanism requires that the contribution
to the neutrino mass of thc new particles that are responsible for its magnetic moment is
approximately canceled by a contribution from neutral particles, related by a custodial SU(2)
symmetry.

1. The problem

Most likely, the solar neutrino problem LI] has nothing whatever to do with
particle physics. It is a great triumph that astrophysicists are able to predict the
number of B8 neutrinos coming from the sun as well as they do, to within a factor
of 2 or 3 [2]. However, one aspect of the solar neutrino data, the apparent
modulation of the flux of solar neutrinos with the sun-spot cycle, is certainly
intriguing [3]. It is, of course, possible that this is an astrophysical problem rather
than a particle physics problem. But that would require a synchronization of cycles
of the interior of the sun with those of the convective layer. both in frequency and
in phase. Thus it seems particularly interesting that there may be a particle physics
explanation of this effect [4],involving a magnetic moment of the electron neutrino
of the order of 1O~’1js~.

The obvious difficulty with this explanation is that it is hard to see how the
neutrino could have such a large magnetic moment without having too large a
mass. The point is the following. Consider a Feynman diagram contributing to the
neutrino magnetic moment, as in fig. 1. The right-handed neutrino here may be
the singlet VR, or perhaps more interesting, an antineutrino of a different flavor.
This distinction does not matter for the estimates below.

Any such diagram, if the external photon line is removed, gives rise to a diagram
that contributes to the neutrino mass, such as that shown in fig. 2.

* Research supported in part by the National Science Foundation under grant PHY-8714654.

(J550-3213/90/$03.50 © 1990 — Elsevier Science Publishers B.V. (North-Holland)
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Outline

• Introduction
• Neutrinos in the Standard Model
• Evidence for Neutrino Mass
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Matter Effect in Solar Neutrinos
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Figure 14.3: Electron neutrino survival probability as a function of neutrino energy. The points
represent, from left to right, the Borexino pp, 7Be, pep, and 8B data (red points) and the SNO+SK
8B data (black point). The three Borexino 8B data points correspond, from left to right, to the low-
energy (LE) range, LE+HE range, and the high-energy (HE) range. The electron neutrino survival
probabilities from experimental points are determined using a high metallicity SSM from [55]. The
error bars represent the ±1‡ experimental + theoretical uncertainties. The curve corresponds to
the ±1‡ prediction of the MSW-LMA solution using the parameter values given in [64]. This figure
is provided by A. Ianni.

is (≠3.3 ± 1.0 ± 0.5)%, corresponding to a statistical significance of 2.9‡.
14.6.2 Atmospheric Neutrinos

14.6.2.1 Atmospheric neutrino flux
Atmospheric neutrinos are produced by the decays of pions and kaons generated in the inter-

action of cosmic rays and nucleons in the Earth’s atmosphere. They have a broad range of energy
(≥0.1 GeV to >TeV) and long travel distances before detection (≥10 to ≥ 104 km), and contain all
the flavours of neutrinos and antineutrinos.

Considering their dominant production modes, some generic relations for flux ratios of di�erent
flavours of neutrinos can be derived without detailed calculations. From the decay chain of a
charged pion fi

+
æ µ

+
‹µ followed by µ

+
æ e

+
‹e‹̄µ (and the charge conjugate for fi

≠), the ratio
(‹µ + ‹̄µ)/(‹e + ‹̄e) is expected to be around 2 at low energies (≥ 1 GeV), where most muons decay
in the atmosphere. For higher energies, some muons reach the Earth before they decay and the
ratio increases. One can also expect that the zenith angle distributions of atmospheric neutrinos are
symmetric between upward-going and downward-going neutrinos. It is true for the energy above
1 GeV, but at lower energies, the Earth’s geomagnetic field induces up-down asymmetries in the
primary cosmic ray. The zenith angle corresponds to the flight length of atmospheric neutrinos.
Vertically upward-going neutrinos come from the other side of the Earth with flight lengths of
≥ 104 km, while downward-going neutrinos produced just above the experimental site travel ≥10 km
before detection.

The atmospheric neutrino fluxes are calculated in detail based on the energy spectrum and

31st May, 2024
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SNO comes to the rescue

• Charged Current:νe

• Neutral Current: νe+νµ+ντ

⇒ νµ,τ are coming from the Sun!

compared to theory prediction

<latexit sha1_base64="V/6+SD3xcioGZDH5KV+8PzJmi/w="></latexit>

�SNO

NC
= (5.25± 0.16+0.11

�0.13)cm
�2s�1

<latexit sha1_base64="0WXshHQgHwjO6kVrwefipKGJW5c="></latexit>

�SNO

CC
= (1.72± 0.05± 0.11)cm�2s�1

<latexit sha1_base64="VIr6aPItRl0UjNntg6GFzYwOfec="></latexit>

�BPS09(GS)
⌫e

= (5.88± 0.65)cm�2s�1



67
29 

CC NC

ES



68

 
Wrong Neutrinos

• Only νe produced in the Sun

• Wrong Neutrinos νµ,τ are 
coming from the Sun!

• Somehow some of νe were 
converted to νµ,τ on their way 
from the Sun’s core to the 
detector
⇒ neutrino flavor 
transformation!
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Terrestrial “Solar Neutrino”

• Can we convincingly verify 
oscillation with man-made 
neutrinos?

• Hard for low Δm2

• To probe Δm2~10–5eV2, need 
L~100km, Eν~MeV

• Need high Φν

• Use neutrinos from nuclear 
reactors and detector ~kt

1kt

KamLAND
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Location, Location, Location
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Detection Principle

p+e

511keVγ

511keVγ 2.2 MeVγ

d
n

Cross section for 
 νe + p → e+ + n

Reactor νe 
spectrum

Coincidence signal: detect
• Prompt:    e+   annihilation
• Delayed:  n  capture

180 µs capture time<latexit sha1_base64="6gdEi+8s8QlSKcaYckunhVzqPNA="></latexit>
E⌫ = Ee+ + (mn �mp)c

2 +
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KamLAND 
neutrinos do oscillate!

≈Proper time τ

L0=(175±35) km



KamLAND
Control Room
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Matter Effect

• CC interaction in the 
presence of non-
relativistic electron

• Neutrino Hamiltonian

Electron neutrino energy higher in the Sun
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Electron Number Density

Nearly 
exponential
for most of the 
Sun’s interior
⇒ oscillation
probability can 
be solved 
analytically 
with Whittaker 
function
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Propagation of νe

• Use “instantaneous” 
eigenstates ν+ and ν–

L

ν+

ν– ν1

ν2

• For the LMA region, 
the dynamics is 
adiabatic: there is no 
hopping between states
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Figure 14.3: Electron neutrino survival probability as a function of neutrino energy. The points
represent, from left to right, the Borexino pp, 7Be, pep, and 8B data (red points) and the SNO+SK
8B data (black point). The three Borexino 8B data points correspond, from left to right, to the low-
energy (LE) range, LE+HE range, and the high-energy (HE) range. The electron neutrino survival
probabilities from experimental points are determined using a high metallicity SSM from [55]. The
error bars represent the ±1‡ experimental + theoretical uncertainties. The curve corresponds to
the ±1‡ prediction of the MSW-LMA solution using the parameter values given in [64]. This figure
is provided by A. Ianni.

is (≠3.3 ± 1.0 ± 0.5)%, corresponding to a statistical significance of 2.9‡.
14.6.2 Atmospheric Neutrinos

14.6.2.1 Atmospheric neutrino flux
Atmospheric neutrinos are produced by the decays of pions and kaons generated in the inter-

action of cosmic rays and nucleons in the Earth’s atmosphere. They have a broad range of energy
(≥0.1 GeV to >TeV) and long travel distances before detection (≥10 to ≥ 104 km), and contain all
the flavours of neutrinos and antineutrinos.

Considering their dominant production modes, some generic relations for flux ratios of di�erent
flavours of neutrinos can be derived without detailed calculations. From the decay chain of a
charged pion fi

+
æ µ

+
‹µ followed by µ

+
æ e

+
‹e‹̄µ (and the charge conjugate for fi

≠), the ratio
(‹µ + ‹̄µ)/(‹e + ‹̄e) is expected to be around 2 at low energies (≥ 1 GeV), where most muons decay
in the atmosphere. For higher energies, some muons reach the Earth before they decay and the
ratio increases. One can also expect that the zenith angle distributions of atmospheric neutrinos are
symmetric between upward-going and downward-going neutrinos. It is true for the energy above
1 GeV, but at lower energies, the Earth’s geomagnetic field induces up-down asymmetries in the
primary cosmic ray. The zenith angle corresponds to the flight length of atmospheric neutrinos.
Vertically upward-going neutrinos come from the other side of the Earth with flight lengths of
≥ 104 km, while downward-going neutrinos produced just above the experimental site travel ≥10 km
before detection.

The atmospheric neutrino fluxes are calculated in detail based on the energy spectrum and
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March 2002

April 2002 
with SNO

Dec 2002 
with KamLAND

Progress in 2002  
on the Solar Neutrino Problem

June 2004 
with KamLAND
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Masses and Mixings
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Daya Bay 
NPP

Ling Ao 
NPP

Ling Ao-ll NPP 
(under const.)

Empty detectors: moved to underground 
halls through access tunnel. 
Filled detectors: swapped between 
underground halls via horizontal tunnels.

Total tunnel length: ~2700 m

230 m
290 m

73
0 

m

570 m

91
0 

m

Daya Bay Near 
360 m from Daya Bay 
Overburden: 97 m 

Ling Ao Near 
500 m from Ling Ao 
Overburden: 98 m 

Far site 
1600 m from Ling Ao 
2000 m from Daya 
Overburden: 350 m 

Mid site 
~1000 m from Daya 
Overburden: 208 m 

Entrance 
portal

Daya Bay

30 14. Neutrino Masses, Mixing, and Oscillations

2 4 6 8 10 12

50

100

150

200

250

310×
]

-1
En

tri
es

 [M
eV

EH3

2 4 6 8 10 12

210

310

410

510

2 4 6 8 10 12
Prompt energy [MeV]

0.9

1no
-o

sc
.

pr
ed

/N
ob

s
N

1 2 3 4 5 6 7 8

Ev
en

ts
 / 

0.
2 

M
eV

2000

4000

6000

Far Data
Prediction (best fit)
Prediction (no oscillation)

 (MeV)pE
1 2 3 4 5 6 7 8D

at
a 

/ P
re

di
ct

io
n

0.8
0.9

1
1.1

5 10 15 20
Visible Energy (MeV)

10

210

310

Ev
en

ts
 / 

0.
25

 M
eV

Double Chooz IV: Far (818 live-days)

FD Data
No-oscillatted MC
Accidentals
Li9

Fast Neutrons

Figure 14.8: Energy spectra for prompt events at the far detectors for Daya Bay [146],
RENO [137], and Double Chooz [138].

Table 14.5: List of reactor antineutrino experiments for O(eV2) oscilla-
tions

Name Reactor power Baseline Detector Detector ‡E/E S/B
(MWth) (m) mass (t) technology @1 MeV(%)

NEOS 2,800 24 1 Gd-LS 5 22
DANSS 3,100 10–13 0.9 Gd-PS 34 ≥30

STEREO 57 9–11 1.7 Gd-LS 10 0.9
PROSPECT 85 7–9 4 6Li-LS 4.5 1.3

NEUTRINO-4 100 6–12 1.5 Gd-LS 16 0.5
SoLid 80 6–9 1.6 6Li-PS 14

this technique as its primary goal. It can also provide precision measurements of neutrino mixing
parameters as well as a broad non-oscillation science program.
14.6.4.3 Reactor experiments sensitive to O(1) eV2 oscillations

Possible hints of neutrino oscillation at a scale of ∆m
2

≥1 eV2 (see Sec.14.8) have motivated
reactor experiments at a distance of ≥10 m from the core. Recent experiments searching for ≥1 eV2

oscillation at reactors are summarized in Table 14.5.
As the antineutrino source, some use commercial reactors, which can provide a large flux leading

to high statistical precision. On the other hand, though the flux is orders of magnitude smaller, a
research reactor could have favorable conditions such as relatively easier access to a short baseline,
simpler fuel composition, and compact core size.

The detectors are based on organic scintillators, either liquid scintillator (LS) or solid plastic
scintillator (PS), which contain hydrogen as the target for inverse beta decay (‹̄e + p æ e

+ + n).
To identify the signal, neutron capture on either gadolinium (Gd) or 6Li is detected with delayed
coincidence. When a neutron is captured by Gd, “ rays with a total energy of 8 MeV are emitted.
After neutron capture, 6Li decays into triton and –. The e�ect of neutrino oscillation appears as a
distortion of energy spectrum. To be independent from the reactor neutrino spectrum uncertainties,
some experiments compare the spectra at di�erent baselines by using a segmented detector or

31st May, 2024
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Seven Questions

• Dirac or Majorana? 
• Absolute mass scale?
• Mass ordering?
• CP Violation?
• Is θ23 maximal?
• Sterile neutrino(s)?
• Baryon asymmetry?
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Seven Questions

• Dirac or Majorana? ⇒ neutrino less double β decay
• Absolute mass scale? ⇒ cosmology, Project 8
• Mass ordering? ⇒ JUNO, DUNE
• CP Violation? ⇒ Hyper-K, DUNE
• Is θ23 maximal? ⇒ DUNE, Hyper-K

• Sterile neutrino(s)? ⇒ SBN program @ Fermilab
• Baryon asymmetry? ⇒ Leptogenesis



87

Neutrinoless Double-beta Decay

• The only known practical approach 
to discriminate Majorana vs Dirac 
neutrinos
0νββ: nn → ppe–e– with no 
neutrinos

• Matrix element ∝ <mee>=ΣimνiUei
2

• Current limit
|<mee>| ≤ about 0.6eV

• Next goal is to exclude inverted 
hierarchy
<mee>=ΣimνiUei

2<0.10 eV

Inverted ordering

Normal ordering
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Lab vs Universe
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Fig. 1: The effective mass as a function of the smallest mass eigenvalue (m1 for NO and m3 for IO), β–decay mass
mβ =
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s, the first term actually dominates over the second.

As the two limits in (2.3) increase with m3, there is an universal lower limit [12] for IO when m3 approaches zero (the
lower limit 〈mν〉IOmin can also easily be extracted within a geometrical picture [13]):
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This value can put an upper bound on the half-life time T 0ν
1/2 through (2.1). To exclude the inverted ordering, it

is necessary for 0ν2β experiments to go beyond this limit. How precisely do we know this limit? Currently, the
atmospheric mass-squared difference ∆m2

a and the reactor mixing angle θr have been measured with precision at the
few percent level. However, the solar mixing angle θs can contribute a significant uncertainty to 〈mν〉 [8].

According to the latest global fit [2], the 3σ range of the solar mixing angle is 0.444 ≤ cos 2θs ≤ 0.250. This implies
at 3σ C.L. a total uncertainty of

〈mν〉
IO
min = (0.0127 . . .0.0198) eV , (2.5)
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Fig. 2: Current limits on the effective mass (90% C.L.) for some isotopes for the range of nuclear matrix elements
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Jiangmen Underground Neutrino 
Observatory (JUNO)

mass ordering
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DUNE

Energy.gov/scienceSC101 - HP

Long baseline neutrino facility (LBNF) and 
Deep Underground Neutrino Experiment (DUNE) 

Far Site – SURF in Lead, SD
Facility/Infrastructure and Far Detectors

Near Site – FNAL in Batavia, IL
Facility/Infrastructure, Neutrino Beamline, 
and Near Detectors

March 8, 2023 27

◆DUNE is an international science collaboration of more than 1300 scientists from 
35 countries plus CERN
• 50 – 50 split between U.S. and non- U.S. collaborators

◆FSCF-EXC – Far Site Excavation

◆FSCF-BSI – Far Site Building & Site Infrastructure

◆FDC – Far Detectors and Cryogenic Infrastructure

• NSCF+B – Near Site Conventional Facilities + Beamline

• ND – Near Detectors

Largest DOMESTIC project in Office of Science (TPC = $3.2B)
the first U.S.-hosted international particle physics mega-project

matter effect
CP violation

precision measurements
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0.75MW to 1.3MW

Hyper-K

SunSupernova

22.5kt to 190 kt

νν ν

ν

Proton 
Decays

CP violation
precision measurements

proton decay
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Anarchy
θ23

θ12

θ13

Kolmogorov-Smirnov test (de Gouvêa, HM)
nature has 47% chance to choose this kind of numbers

Hall, HM, Weiner
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Anarchy and Hierarchy

• Consider a simple 
U(1) flavor 
symmetry broken by 
ε(–1)
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anarchy and hierarchy
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Leptogenesis



a billion billion dollars

• a scientist at CERN 
created 0.25g of 
antimatter without the 
knowledge of DG

• it will fall into the hands 
of an evil guy
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Belle

(d) B0 → J/ψK0

0
100
200
300
400 q=+1

q=−1

En
tri

es
 / 

0.
5 

ps
-0.5

0
0.5

-7.5 -5 -2.5 0 2.5 5 7.5
-ξ f∆t(ps)

As
ym

m
et

ry

B0

_

B0

CP Violation

• Is anti-matter the exact mirror 
of matter?

1964 discovery of CP violation
• But only one system, hard to 

tell what is going on.
2001, 2002 Two new CP-violating 
phenomena

• But CP violation observed so 
far is too small by a factor of 
10-16 to explain the absence of 
anti-matter

• doesn’t look like quarks are 
important here (LHCb, Belle2)

2008 Nobel Prize
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End of Inflation

matter anti-matter
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Reheating

1,000,000,000 1,000,000,000

matter anti-matter
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Empty Universe?

matter anti-matter
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Beginning of Universe

1,000,000,001 1,000,000,001

matter anti-matter
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fraction of second later

1,000,000,002 1,000,000,000

matter anti-matter

1
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Universe Now

2

us

matter anti-matter
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Sakharov’s Three Conditions

• If you take inflation seriously, asymmetry 
cannot be the initial condition

• microphysical mechanism is needed
(1) baryon number violation
(2) C and CP violation
(3) departure from equilibrium
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• Is anti-matter the exact mirror 
of matter?

1964 discovery of CP violation
• But only one system, hard to 

tell what is going on.
2001, 2002 Two new CP-violating 
phenomena

• But CP violation observed so 
far is too small by a factor of 
10-16 to explain the absence of 
anti-matter

• doesn’t look like quarks are 
important here

2008 Nobel Prize
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Anomaly!

• W and Z bosons massless at 
high temperature

• W field fluctuates just like in 
thermal plasma

• solve Dirac equation in the 
presence of the fluctuating W 
field

Δq=Δq=Δq=ΔB=ΔL
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Leptogenesis

• both neutrinos and anti-neutrinos have 
charge ±0, can reshuffle matter & antimatter

• saved us from complete annihilation?

Fukugita Yanagida
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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Xiaochuan Lu, Murayama

random mass matrices

no direct connection to CP violation in oscillation
but a plausibility test

N1(+2), N2(+1), N3(0)

✏(�1) ⇡ 0.1
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How do we test it?

build a 1014 GeV collider
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how do we test it?

• possible three 
circumstantial evidences
– 0νββ
– CP violation in neutrino 

oscillation
– other impacts e.g. LFV 

(requires new particles/
interactions < 100 TeV)

• archeology
• any more circumstantial 

evidences?
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Figure 10: Analytical lower bounds on M1 (circles) and Ti (dotted line) for m1 = 0,

ηCMB
B = 6 × 10−10 and matm = 0.05 eV. The analytical results are compared with the

numerical ones (solid lines). The vertical dashed lines indicate the range (msol,matm).

The gray triangle at large M1 and large m̃1 is excluded by theoretical consistency (cf. ap-

pendix A).

Fig. 10 shows the analytical results for Mmin
1 (m̃1), based on Eq. (107) for thermal initial

abundance (thin lines) and the sum of Eqs. (109) and (110) for zero initial abundance

(thick lines). For comparison also the numerical results (solid lines) are shown. The

absolute minimum for M1 is obtained for thermal initial abundance in the limit m̃1 → 0,

for which κf = 1. The corresponding lower bound on M1 can be read off from Eq. (120)

and at 3 σ one finds

M1 ! 4 × 108 GeV . (121)

This result is in agreement with [10] and also with the recent calculation [12]. Note that the

lower bound on M1 becomes much more stringent in the case of only two heavy Majorana

neutrinos [28]. The bound for thermal initial abundance is model independent. However,

it relies on some unspecified mechanism which thermalizes the heavy neutrinos N1 before

the temperature drops considerably below M1. Further, the case m̃1 # 10−3 eV is rather

artificial within neutrino mass models, and in this regime a pre-existing asymmetry would

not be washed out [2].
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MPl

Natural to think M is induced from symmetry breaking 
e.g. 𝓛=–y⟨𝝋⟩N N

Phase Transition Gravitational Waves?
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U(1)B–L

• Consider <φ>≠0

– MR from <φ>νRνR or <φ2>νRνR/MPl

• U(1) breaking produces cosmic strings because 
π1(U(1))=Z

• nearly scale invariant spectrum

• simplification of the network produces gravitational waves

• stochastic gravitational wave background
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cosmic strings

GN µ ~ v2/MPl2

https://www.ligo.org/science/Publication-S5S6CosmicStrings/index.php



covers pretty much the entire range for leptogenesis!
caveat: particle emission from cosmic strings

J. Dror, T. Hiramatsu, K. Kohri, HM, G. White, arXiv:1908.03227



SO(10)

• It is natural to embed U(1)B–L etc into SO(10)

• However, SO(10)→SU(3)×SU(2)×U(1) doesn’t lead to cosmic 
strings because π1(SO(10)/SU(3)×SU(2)×U(1))=0

• SO(10)→SU(3)×SU(2)×U(1)×U(1)B–L produces monopoles

– SO(10) scale is presumably V~1016GeV≫v

– need inflation below this scale

• SU(3)×SU(2)×U(1)×U(1)B–L→SU(3)×SU(2)×U(1) produces strings

– strings can be cut by monopole-anti-monopole pairs through a 
tunneling process
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monopoles

• string from U(1)B–L breaking is basically Abrikosov flux in 
a superconductor

– For the Higgs φ(±Q)

– magnetic flux h/(g Q) × integer (Q=1, 2, …)

– minimum monopole charge h/g

– If Q=1, monopole can saturate the flux and cut the 
string

– If Q=2, the minimum string cannot be cut by monopoles
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hybrid inflation
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SNeutrino Inflaton

• Superpartner of a heavy neutrino
• displaced from the minimum at 

the beginning
• rolls down slowly: inflation
• quantum fluctuation source of 

later structure
• decays into both matter and anti-

matter, but with a slight 
preference to matter

• decay products contain 
supersymmetry and hence Dark 
Matter

φ

V(φ)

t

t

φ

log R

HM, Suzuki, Yanagida, Yokoyama

�̈+ 3H�̇ = V
0(�)
|�̈| ⌧ |�̇| = V 0(�)

H
2 =

8⇡

3

V

M
2
Pl



123

Outline
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