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C o n t r a r y t o w h a t 
expected in the SM, 
neutrinos oscillate: after 
being produced, they can 
c h a n g e t h e i r 
“flavour”.

The facts: Neutrinos oscillate
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⌫1

Light orange
= 

muon neutrino

Dark orange
= 

electron neutrino
⌫2

⌫1 ⌫1

⌫2 ⌫2

A flavour neutrino is a superposition of mass states. If their 
mass is different, they will evolve in time differently with their 
superposition corresponding to a different flavour neutrino.
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⌫eThe probability for a         to transform into a       
at a distance L from the source is:

⌫µ

P (⌫µ ! ⌫e) = sin2(2✓) sin2
(m2

2 �m2
1)L

4E

e

4

Mixing angle between flavor and mass states Neutrino masses

Thanks to T. Schwetz

First oscillation 
maximum

At small L 
no effect

Neutrino oscillations imply that neutrinos 
have mass and they mix.

First evidence of physics beyond the SM.
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A decade of exciting results

Homestake

Solar neutrinos

SNO, also Cl, Ga

Atmospheric 
neutrinos

untagged muons; and pileup events decreases the central
value of the pep ! rate by <2%.

Table I also shows the solar neutrino fluxes inferred from
our best estimates of the pep and CNO neutrino interaction
rates, assuming the MSW-LMA solution, and the ratio of
these values to the high metallicity (GS98) SSM predic-
tions [9]. Both results are consistent with the predicted
high and low metallicity SSM fluxes assuming MSW-
LMA. Under the assumption of no neutrino flavor oscil-
lations, we would expect a pep neutrino interaction rate in
Borexino of ð4:47" 0:05Þ counts=ðday $ 100 tonÞ; the ob-
served interaction rate disfavors this hypothesis at
97% C.L. If this discrepancy is due to !e oscillation to
!" or !#, we find Pee ¼ 0:62" 0:17 at 1.44 MeV. This
result is shown alongside other solar neutrino Pee mea-
surements and the MSW-LMA prediction in Fig. 5.

We have achieved the necessary sensitivity to provide,
for the first time, evidence of the signal from pep neutrinos
and to place the strongest constraint on the CNO neutrino
flux to date. This has been made possible by the combina-
tion of low levels of intrinsic background in Borexino and
the implementation of novel background discrimination
techniques. The result for the pep ! interaction rate does
not have sufficient precision to disentangle the Pee predic-
tions of various oscillation models, and the constraint on
the CNO ! flux cannot yet discern between the high and
low metallicity SSM. However, the success in the reduc-
tion of 11C background raises the prospect for higher
precision measurements of pep and CNO neutrino inter-
action rates by Borexino after further running, especially if
the next dominant background, 210Bi, is reduced by scin-
tillator repurification.
The Borexino program is made possible by funding from

INFN (Italy), NSF (USA), BMBF, DFG, and MPG
(Germany), NRC Kurchatov Institute (Russia), and
MNiSW (Poland). We acknowledge the generous support
of the Gran Sasso National Laboratories (LNGS).
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FIG. 5 (color). Electron neutrino survival probability as a
function of energy. The red line corresponds to the measurement
presented in this Letter. The pp and 7Be measurements of Pee

given in [5] are also shown. The 8B measurements of Pee were
obtained from [3,4,25], as indicated in the legend. The MSW-
LMA prediction band is the 1$ range of the mixing parameters
given in [22].

TABLE III. Relevant sources of systematic uncertainty and
their contribution in the measured pep neutrino interaction
rate. These systematics increase the upper limit in the CNO
neutrino interaction rate by 0:8 counts=ðday $ 100 tonÞ.

Source [%]

Fiducial exposure þ0:6
'1:1

Energy response "4:1
210Bi spectral shape þ1:0

'5:0
Fit methods "5:7
Inclusion of independent 85Kr estimate þ3:9

'0:0
% rays in pulse-shape distributions "2:7
Statistical uncertainties in pulse-shape distributions "5
Total systematic uncertainty "10
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Super-Kamiokande, 
also MINOS

MSW effect

Need,to,well,measure,L,and,E,

For,L:,
Lepton,doesn’t,follow,neutrino,well,at,
low,energies.,,Unless,you,can,see,the,
proton,(Maybe,in,LAr),you,must,use,the,
lepton,direc6on,itself.,
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Full oscillation 1/2 
oscillation 

Δ(L/E)=70% 
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For,L:,
Near,the,horizon,6ny,mistakes,in,angle,
correspond,to,large,differences,in,L.,,Also,
there,is,a,distribu6on,of,produc6on,
heights,in,the,atmosphere.,

Reactor neutrinos: LBL
Accelerator 
neutrinos
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nos. KamLAND observes νe’s from many reactors at a flux-
weighted average distance of 180 km, providing optimal sen-
sitivity for the LMA-MSW ν1-ν2 mixing solution to the solar
neutrino problem. For the length scale relevant to reactor νe

oscillation at KamLAND, the three-flavor survival probability
(P 3ν

ee ), including matter effects, may be approximated as

P 3ν
ee = cos4 θ13P̃

2ν
ee + sin4 θ13 . (1)

The two neutrino survival probability P̃ 2ν
ee has the same form

as the survival probability in matter for ν1-ν2 mixing but with
the electron density (Ne) modified: Ñe = Ne cos2 θ13 [5]. It
is given by

P̃ 2ν
ee = 1− sin2 2θ12M sin2

(
∆m2

21ML

4Eν

)
, (2)

where L is the distance from the source to the detector, Eν is
the νe energy, and θ12M and∆m2

21M are the matter-modified
mixing angle and mass splitting defined by

sin2 2θ12M =
sin2 2θ12

(cos 2θ12 −A/∆m2
21)

2 + sin2 2θ12
, (3)

∆m2
21M = ∆m2

21

√
(cos 2θ12 −A/∆m2

21)
2 + sin2 2θ12 .(4)

The parameter A = ±2
√
2GF ÑeEν has a negative sign for

antineutrinos;GF is the Fermi coupling constant.
Recently, accelerator and short-baseline (∼1 km) reactor

experiments have demonstrated that θ13 is non-zero, and have
measured it with high precision [6–10]. An analysis incorpo-
rating this new θ13 constraint will improve the determination
of the other oscillation parameters.

III. GEONEUTRINO FLUX AT KAMLAND

While the mechanical properties of the Earth’s interior are
well established, its composition, including its radiochemical
content, remains uncertain. Decays of uranium (U), thorium
(Th), potassium (K) and their progeny generate heat. Depend-
ing on their abundance and distribution within the Earth, these
decays may be an essential heat source for generating Earth
dynamics. A leading BSE model [11] based on measured el-
emental abundances of chondritic meteorites and mantle peri-
dotites predicts a radiogenic heat production of 8 TW from
the 238U decay chain, 8 TW from the 232Th decay chain, and
4TW from 40K [12]. This would account for nearly half of the
heat dissipation rate from the Earth’s surface, which a recent
analysis finds to be 47± 2TW [13].
The energy spectrum of 40K neutrinos falls entirely below

the 1.8 MeV energy threshold for the inverse β-decay reaction
by which KamLAND observes antineutrinos, rendering these
decays invisible to KamLAND. However, the 238U and 232Th
decay chain ν̄e’s extend above this threshold with distinct en-
ergy distributions, making possible a direct measurement of
the individual 238U and 232Th contributions.

Inner Balloon
(3.08 m diameter)

Photomultiplier Tubes

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Fiducial Volume
(12 m diameter)

LS 1 kton

Xe-LS 13 ton

FIG. 1: Schematic diagram of the KamLAND detector. The shaded
region in the liquid scintillator indicates the volume for the νe anal-
ysis after the inner balloon was installed.

The geo νe flux at the KamLAND detector can be calcu-
lated from the isotope abundances ai($r′) for each isotope i at
source positions $r′ by integrating over the entire Earth,

dΦ(Eν ,$r)

dEν

=
∑

i

Ai
dni(Eν)

dEν

∫

⊕
d3$r′

ai($r′)ρ($r′)Pee(Eν , |$r − $r′|)
4π|$r − $r′|2

, (5)

where $r is the detector position, Ai is the decay rate per unit
mass, dni(Eν)/dEν is the νe energy spectrum for each mode
of decay, ai($r′) is the isotope mass per unit rock mass, ρ($r′) is
the rock density, and Pee(Eν , |$r− $r′|) is the νe survival prob-
ability given by Eq. (1) with L = |$r− $r′|. Given the measured
values of neutrino oscillation parameters and the energy range
of detectable geo νe’s, the integration over the volume of the
Earth averages over the second sine function in Eq. (2), allow-
ing the approximation,

P 3ν
ee $ cos4 θ13

(
1−

1

2
sin2 2θ12

)
+ sin4 θ13. (6)

In Eq. (6) we have neglected matter effects, which modify
the survival probability by <1% [14]. From a global analysis
of neutrino oscillation data involving solar, accelerator, and
reactor neutrinos, including the present KamLAND data, we
obtain Pee = 0.551 ± 0.015. The less-than 3% uncertainty
in Pee is negligible compared to the statistical uncertainty of
KamLAND’s current geo νe flux measurement.

IV. THE KAMLAND EXPERIMENT

KamLAND is located in Gifu Prefecture, Japan, under
Mount Ikenoyama at a depth of ∼2700m water-equivalent.
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FIG. 4: Allowed regions projected in the (tan2 θ12, ∆m2
21) plane,

for solar and KamLAND data from the three-flavor oscillation anal-
ysis for (a) θ13 free and (b) θ13 constrained by accelerator and short-
baseline reactor neutrino experiments. The shaded regions are from
the combined analysis of the solar and KamLAND data. The side
panels show the ∆χ2-profiles projected onto the tan2 θ12 and ∆m2

21

axes.

by term (iv). Table II summarizes the systematic uncertainties
on ∆m2

21 and the expected event rate of reactor νe’s. The
overall rate uncertainties for Period 1 and for Periods 2 and 3
are 3.5% and 4.0%, respectively. Systematic uncertainties
are conservatively treated as being fully correlated across all
data taking periods. The penalty term (v) optionally provides
a constraint on the neutrino oscillation parameters from so-
lar [27–31], accelerator (T2K [6], MINOS [7]), and short-
baseline reactor neutrino experiments (Double Chooz [8],
Daya Bay [9], RENO [10]).
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FIG. 5: Ratio of the observed νe spectrum to the expectation for
no-oscillation versus L0/E for the KamLAND data. L0 = 180 km
is the flux-weighted average reactor baseline. The 3-ν histogram is
the best-fit survival probability curve from the three-flavor unbinned
maximum-likelihood analysis using only the KamLAND data.

Figure 2 plots the time variation for the rates of reactor νe’s,
geo νe’s, and backgrounds for the three data taking periods,
assuming the best-fit oscillation parameters, and geo νe fluxes
from the reference model of [17]. Also drawn are the correla-
tions between the measured and expected best-fit event rates,
which should fit to a line with unit slope and zero offset in the
absence of geo νe’s. The vertical displacement of the trend
for events below 2.6 MeV is attributed to the contribution of
geo νe’s.

Figure 3 shows the prompt energy spectra of νe candidate
events for each period. The reduction of the 13C(α, n)16O
background in Period 2 and of reactor νe’s in Period 3 can
clearly be seen. For the three-flavor KamLAND-only anal-
ysis (χ2

osci = 0), the fit oscillation parameter values are
∆m2

21 = 7.54+0.19
−0.18 × 10−5 eV2, tan2 θ12 = 0.481+0.092

−0.080,
and sin2 θ13 = 0.010+0.033

−0.034. The contours are nearly symmet-
ric about tan2 θ12 = 1, but the best-fit values for tan2 θ12 > 1
are slightly disfavored over those for tan2 θ12 < 1, with
∆χ2 = 0.8. Assuming CPT invariance, the oscillation pa-
rameter values from a combined analysis including constraints

TABLE II: Contributions to the systematic uncertainty in the neutrino
oscillation parameters ∆m2

21, θ12, and θ13 for the earlier / later pe-
riods of measurement, denoted in the text as Period 1 / Period 2 & 3.
The overall uncertainties are 3.5% / 4.0% for Period 1 / Period 2 & 3.

Detector-related (%) Reactor-related (%)
∆m2

21 Energy scale 1.8 / 1.8 νe-spectra [32] 0.6 / 0.6

Rate Fiducial volume 1.8 / 2.5 νe-spectra [24] 1.4 / 1.4
Energy scale 1.1 / 1.3 Reactor power 2.1 / 2.1
Lcut(Ep) eff. 0.7 / 0.8 Fuel composition 1.0 / 1.0
Cross section 0.2 / 0.2 Long-lived nuclei 0.3 / 0.4
Total 2.3 / 3.0 Total 2.7 / 2.8

KamLAND, 1303.4667
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TABLE XIV: Event reduction for the ⌫

e

appearance search at the far detector. After each selection criterion is
applied, the numbers of observed and MC expected events of CC ⌫

µ

, intrinsic CC ⌫

e

, NC, and the CC ⌫

e

signal, are
given. All MC samples include three-neutrino oscillations for sin2 2✓

13

= 0.1, �
CP

= 0, and normal mass hierarchy.

Data MC total CC ⌫

µ

CC ⌫

e

NC CC ⌫

µ

! ⌫

e

(0) interaction in FV n/a 311.4 158.3 8.3 131.6 13.2
(1) fully contained in FV 174 180.5 119.6 8.0 40.2 12.7
(2) single ring 88 95.7 68.4 5.1 11.4 10.8
(3) e-like 22 26.4 2.7 5.0 8.0 10.7
(4) Evis > 100 MeV 21 24.1 1.8 5.0 6.9 10.4
(5) no delayed electron 16 19.3 0.3 4.0 5.9 9.1
(6) not ⇡0-like 11 13.0 0.09 2.8 1.6 8.5
(7) Erec

⌫

< 1250 MeV 11 11.2 0.06 1.7 1.2 8.2

TABLE XV: Same as Table XIV but with MC prediction for sin2 2✓
13

= 0.

Data MC total CC ⌫

µ

CC ⌫

e

NC CC ⌫

µ

! ⌫

e

(0) interaction in FV n/a 299.0 158.5 8.6 131.6 0.3
(1) fully contained in FV 174 168.5 119.8 8.2 40.2 0.3
(2) single ring 88 85.4 68.5 5.3 11.4 0.2
(3) e-like 22 16.1 2.7 5.2 8.0 0.2
(4) Evis > 100 MeV 21 14.1 1.8 5.2 6.9 0.2
(5) no delayed electron 16 10.6 0.3 4.2 5.9 0.2
(6) not ⇡0-like 11 4.8 0.09 2.9 1.6 0.2
(7) Erec

⌫

< 1250 MeV 11 3.3 0.06 1.8 1.2 0.2
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FIG. 24: Distribution of invariant mass M
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when each
event is forced to be reconstructed as two photon rings.

The data are shown as points with error bars
(statistical only) and the MC predictions are in shaded
histograms. The last bin shows overflow entries. The

arrow shows the selection criterion M

inv

< 105 MeV/c2.

distributions of the reconstructed vertices of observed ⌫

e

candidate events. As we previously reported, the first
6 candidate events were clustered near the edge of the
FV in the upstream beam direction. We observe no such
clustering in the newly observed 5 events (pink points in
the figure). All event vertices are x < 0 in the SK coor-
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FIG. 25: Distribution of the reconstructed neutrino
energy spectrum of the events which pass all ⌫

e

appearance signal selection criteria with the exception
of the energy cut. The data are shown as points with
error bars (statistical only) and the MC predictions are
in shaded histograms. The arrow shows the selection

criterion E

rec

⌫

< 1250 MeV.

dinate system which is not related to the beam direction.
Other T2K neutrino selections with larger event samples,
such as the CC ⌫

µ

selection, populate the entire x and y

region. Figure 28 shows the distribution of distance from
the ID wall to the vertex along the beam direction for

T2K

MINOS
Friday, 28 June 13

http://www-numi.fnal.gov/
http://www-numi.fnal.gov/


CPδ

π-

/2π-

0

/2π

π

 > 023
2 mΔ

    
68% CL
90% CL

13θ22sin
0 0.1 0.2 0.3 0.4 0.5 0.6

CPδ

π-

/2π-

0

/2π

π

 < 023
2 mΔ

T2K
 p.o.t.2010×1.43 

Best fit to T2K data

FIG. 6. The 68% and 90% C.L. regions for sin2 2✓13 for each value of �CP, consistent with

the observed number of events in the three-flavor oscillation case for normal (top) and inverted

(bottom) mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values

are shown with solid lines.

⇤ also at J-PARC Center

17

6

First hints of nonzero theta13 by  T2K, 
MINOS and DoubleCHOOZ in 2011. 

Theta13: the latest discovery

PRL 107 
(2011)

Daya Bay 
Courtesy of Roy Kaltschmidt

The 
Big 
Bang 
Theor
y: The 
Specke
rman 
Recurr
ence

In 2012, these hints 
were confirmed by Daya 

Bay and RENO.
Electron Anti-neutrino Disappearence

Using near to predict far

53

Determination of Į, ȕ:
1) Set R=1 if no oscillation
2) Minimize the residual reactor 

uncertainty

Observed˖9901 neutrinos at far site,  

Prediction˖10530 neutrinos if no oscillation

R = 0.940 f0.011 (stat) f0.004 (syst) 

Spectral distortion 

Consistent with oscillation

2012-03-08

Daya Bay, PRL 108 (2012)

sin2 2✓13 = 0.092± 0.016± 0.005

Electron Anti-neutrino Disappearence

Using near to predict far

53

Determination of Į, ȕ:
1) Set R=1 if no oscillation
2) Minimize the residual reactor 

uncertainty

Observed˖9901 neutrinos at far site,  

Prediction˖10530 neutrinos if no oscillation

R = 0.940 f0.011 (stat) f0.004 (syst) 

Spectral distortion 

Consistent with oscillation

2012-03-08

Y. Wang, March 2012
See Y. Wang’s talk

This discovery has very important implications for the future 
neutrino programme and understanding of origin of mixing.
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All oscillation parameters are 
measured with good precision, 
except for the mass hierarchy and 
the delta phase. One needs to 
check the 3-neutrino paradigm 
(sterile neutrino?).

NuFit: M. C. Gonzalez-Garcia et al., 1209.3023
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Upper limit Sensitivity

C.L. F&C Bayes F&C Bayes

Number of oscillated 90% 3.1 4.5 6.1 6.5

νe events 95% 4.3 5.7 7.8 7.9

99% 6.7 8.2 10.7 10.9

sin2(2θnew) at 90% 5.0×10−3 7.2×10−3 9.7×10−3 10.4×10−3

large ∆m2 95% 6.9×10−3 9.1×10−3 12.4×10−3 12.7×10−3

99% 10.6×10−3 13.1×10−3 17.1×10−3 17.4×10−3

Table 2. Upper limits on the number of oscillated νe CC events and sin2(2θnew), obtained by the
F&C and Bayesian methods, for C.L. 90%, 95%, 99%. The sensitivity is computed assuming that
the number of observed events is 9, which is the closest integer to the 9.4 expected background
events.

)newθ(22sin
-310 -210 -110 1

)2
 (e

V
ne

w
2

m
Δ

-210

-110

1

10

210 LSND 90% C.L.
LSND 99% C.L.
KARMEN 90% C.L.
NOMAD 90% C.L.
BUGEY 90% C.L.
CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L.
OPERA 90% C.L. (Bayesian)

Figure 7. The exclusion plot for the parameters of the non-standard νµ → νe oscillation, ob-
tained from this analysis using the Bayesian method, is shown. The other limits shown, mostly
using frequentist methods, are from KARMEN (νµ → νe [24]), BUGEY (νe disappearance [25]),
CHOOZ (νe disappearance [26]), NOMAD (νµ → νe [27]) and ICARUS (νµ → νe [9]). The regions
corresponding to the positive indications reported by LSND (νµ → νe [7]) and MiniBooNE (νµ →
νe and νµ → νe [8]) are also shown.

appearance of νe in the CNGS neutrino beam using the data collected in 2008 and 2009,

corresponding to an integrated intensity of 5.25 × 1019 pot. The observation of 19 νe
candidate events is compatible with the non-oscillation expectation of 19.8±2.8 events.

The current result on the search for the three-flavour neutrino oscillation yields an

upper limit sin2(2θ13) < 0.44 (90% C.L.).

OPERA limits the parameter space available for a non-standard νe appearance sug-

gested by the results of the LSND and MiniBooNE experiments. It further constrains the

– 9 –

Kopp et al.,  
1103.4570

�m2 � 1 eV2

Giunti et al., 1210.5715, See also Mention et al., Huber et al., Zhang et al.

AnomaliesSBL: LSND and 
MiniBooNE

Reactor and 
Gallium 
anomaly

Various hints of oscillations 
with                      but there is 
tension between appearance and 
disappearance experiments.

8

ICARUS and 
OPERA new 

bounds

OPERA, 1303.3953
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�m2
s � �m2

A implies at least 3 massive neutrinos. 

m1 = mmin m3 = mmin

m2 =
�

m2
min + �m2

sol m1 =
�

m2
min+�m2

A��m2
sol

m3 =
�

m2
min + �m2

A m2 =
�

m2
min + �m2

A

Measuring the masses requires:         and the ordering. 
Masses are much smaller than the other 
fermions.

mmin

9

Present status of neutrino physics
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Neutrino mixing
Mixing is described by the Pontecorvo-Maki-Nakagawa-
Sakata matrix, which enters in the CC interactions

|⇥�⇤ =
�

i

U�i|⇥i⇤

LCC = � g⇧
2

�

k�

(U�
�k⇥̄kL�⇥l�LW⇥ + h.c.)

U =

�

⇤
c12 s12 0
�s12 c12 0

0 0 1

⇥

⌅

�

⇤
1 0 0
0 c23 s23

0 �s23 c23

⇥

⌅

Solar, reactor �⇥ ⇥ 30o Atm, Acc. �A ⇥ 45o
�

⇤
1 0 0
0 1 0
0 0 e�i⇥

⇥

⌅

�

⇤
c13 0 s13

0 1 0
�s13 0 c13

⇥

⌅

�

⇤
1 0 0
0 e�i�21/2 0
0 0 e�i�31/2+i⇥

⇥

⌅

CPV phase Reactor, Acc. � < 12o CPV Majorana phases✓13 ⇠ 9o

Large angles

CPV?

Flavour states
Mass states

Mixing angles are much larger than in the 
quark sector.10
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1. What is the nature of neutrinos? 

2. What are the values of the masses? Absolute 
scale (KATRIN, ...?) and the ordering.

3. Is there CP-violation? Its discovery in the next 
generation of LBL depends on the value of delta.

4. What are the precise values of mixing 
angles? Do they suggest a underlying pattern?

5. Is the standard picture correct? Are there 
NSI? Sterile neutrinos? Other effects?

•

•

•

•

•

Phenomenology questions for the future

11
Friday, 28 June 13



Neutrinos can be Majorana or Dirac particles. In the SM 
only neutrinos can be Majorana because they are neutral.

Majorana particles 
are indistinguishable 
from antiparticles.

Dirac neutrinos are 
labelled by the lepton 
number.

The nature of neutrinos is linked to the conservation of 
Lepton number. This information is crucial in 
understanding the Physics BSM and it can be linked to the 
existence of matter in the Universe.                12
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Figure 1: Predictions for |hmi| at 2 �. Blue (green) corresponds to regions

compatible with CP-conservation and inverted (normal) mass ordering, red

is the CP-violating area.

1

Klapdor-Kleingrothaus et al. MPLA A21 (2006)

KamLAND-Zen+EXO, 90%C.L.

Planck+WP+highL

GERDA, CUORE, Majorana, SNO+, SuperNEMO, COBRA, NExT ... sensitivity

Tuesday, 25 June 13

Testable in 
neutrinoless 
double beta 
decay

Question 1. Nature of Neutrinos
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Neutrino mass ordering (hierarchy)
- use matter effects in neutrino oscillations

- vacuum oscillations in reactors
- neutrinoless double beta decay

Absolute mass scale
- KATRIN
- cosmology
- neutrinoless double beta decay

KATRIN%at%a%Glance%

The&KATRIN&Experiment&33&Diana&Parno& 6%

Images:&Karlsruhe&InsGtute&of&Technology&

13

Question 2. Neutrino masses
Future long baseline 
experiments: LBNE, 
LBNO, T2HK, nuFact

Thanks to A. 
Rubbia; LAGUNA-

LBNO

K. Sakashita

ORCANeutrino Physics Prospects for neutrino oscillation physics

Figure 7: Statistical significance per bin of the di↵erence between NH and IH for one year of PINGU
data from ⌫

µ

induced events, binned in neutrino energy (bin width �E
⌫

= 1 GeV) and cosine of
the zenith angle (bin width � cos ✓

z

= 0.05). In the left (right) pannel neutrino energy and angular
reconstruction resolutions of 2 (4) GeV and 11.25� (22.5�) have been assumed. Figures from [76].

panels in Fig. 6 are based on a water Cerenkov detector, but similar results can be achieved in large
(100 kt scale) liquid argon detectors [58]. We mention also that atmospheric data from such big
detectors (including also the sub-GeV samples) provide excellent sensitivity to the octant of ✓23 (see
e.g. [68]) through the e↵ects discussed already in the context of present data in section 2.3.

4.3 Atmospheric neutrinos – ice

The IceCube neutrino telescope in Antarctica is able to collect a huge amount of atmospheric neutrino
events. Due to the high energy threshold those data are not very sensitive to oscillations, although
they provide interesting constraints on non-standard neutrino properties, see e.g. [71]. With the so-
called DeepCore extension [72] a threshold of around 10 GeV has been achieved and first results on
oscillations of atmospheric neutrinos have been presented [73], see [74] for a study on the neutrino
mass hierarchy. With a further proposed extension of the IceCube detector called PINGU [75] the
threshold could be even lowered to few GeV, opening the exciting possibility of a multi-mega ton
scale detector exploring the matter resonance region. The most straight forward type of events will
be muons without charge identification, and one has to rely on the huge statistic in order to identify
the e↵ect of the mass hierarchy. Below we discuss some results obtained recently in [76] focusing on
the muon signal. Signatures from ⌫

e

and ⌫
⌧

induced events have also been studied in [76].
In order to identify the di↵erence between normal and inverted mass hierarchy again a crucial issue

will be the ability to reconstruct the neutrino energy and direction. In Fig. 7 the di↵erence between
event numbers for NH and IH (weighted by the statistical error), binned in neutrino energy E

⌫

and
zenith angle ✓

z

are shown for two assumptions on the reconstruction abilities. In the left pannel, with
better resolutions, we can observe clearly the e↵ects of the matter resonance. We note also that in
di↵erent regions in the E

⌫

� cos ✓
z

plane the di↵erence between NH and IH changes sign. This means

beam) and ⌫µ ! ⌫e (superbeam) oscillations, which allows to break the mass hierarchy degeneracy already at first order

in the parameter A (see Eq. 5), which works already at the distance of 130 km [69], see also [70].
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Akhmedov, 
Razzaque, 
Smirnov, 
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Figure 1: θ13, MH, and CPV discovery potential as fraction of true δCP as a function of the true sin2 2θ13

for the normal hierarchy (upper row) and inverted hierarchy (lower row) at the 90% CL. Note the different

vertical scales in the different panels.

hierarchy. In Fig. 1 we show for a given true value of sin2 2θ13 (horizontal axis) and a given
true hierarchy (upper row normal, lower row inverted) the fraction of all possible true values
of δCP for which the discovery can be achieved at the 90% confidence level. Hence, a fraction
of δCP of unity (or 100%) for a given sin2 2θ13 corresponds to a discovery for any possible
value of δCP.

The θ13 discovery potential (cf., left panels of Fig. 1) of the reactor experiments does
not depend on δCP since by convention this phase does not appear in the disappearance
probability Pee. Furthermore, the probability is given to good approximation by an effective
2-flavor expression: P react

ee ≈ 1 − sin2 2θ13 sin2(∆m2
31L/4E). Thanks to the large exposure,

Daya Bay will have the best discovery potential among the reactor experiments of sin2 2θ13 =
0.0066 at the 90% CL, compared to 0.018 for RENO and 0.033 for Double Chooz.2 In
contrast, the νµ → νe appearance probability relevant for the beam experiments shows a

2Let us mention that the Daya Bay assumptions of a systematical error of 0.18%, fully uncorrelated
among all detectors is more aggressive than for other reactor experiments. For example, if the systematic
error is at the level of 0.6%, such as assumed in Double Chooz, the Daya Bay sensitivity of sin2 2θ13 = 0.0066
deteriorates to sin2 2θ13 $ 0.01. If on the other hand the systematic error is 0.38% and assumed to be fully
correlated among modules at one site the limit would sin2 2θ13 $ 0.012 [36]. See also the discussion in
Ref. [30].
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T2K and NOvA

Huber at al., 
2009

Atmospheric nus: ORCA, PINGU, INO
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6

Planck+WP+lensing Planck+WP +lensing Planck+WP+lensing
(+HST) +DR8 (+HST) +DR9 (+HST)

Σmν [eV ] < 1.11 (0.22) < 0.98 (0.23) < 0.39 (0.23)

TABLE IV: 95% CL upper bounds on Σmν in a ΛCDM model from the different data combinations considered here, with
(without) the HST prior on the Hubble constant H0. The results with DR8 (DR9) data sets include the shot noise (the
systematic corrections) parameters.
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FIG. 1: Left panel: the red contours show the 68% and 95% CL allowed regions from the PLANCK data set in the (
∑

mν ,
w) plane, while the blue and green contours show the impact of the addition of the DR9 BAO signature and the full shape
of DR9 galaxy clustering measurements respectively. The magenta contours depict the combination of PLANCK with DR9
galaxy clustering data and SNLS3 measurements. Right panel: as in the left panel but in the (

∑
mν , Ωk) plane (note the

absence of the case with SNLS3 data in the analyses presented in this figure).

ence for w < −1, allowing therefore for a larger neutrino
mass. We also investigate the impact of adding Super-
novae Ia luminosity distance constraints to the combina-
tion of PLANCK and DR9 galaxy clustering data sets:
while the impact on the sum of the neutrino mass bound
is negligible, the errors on the dark energy equation of
state parameter w are reduced by a factor of three.

C. Curvature and massive neutrinos

We present here the constraints on neutrino masses
in the context of a non flat universe, allowing for a non
negligible curvature component, see Tab. I for the priors
adopted in the curvature component. Table VI shows our
constraints for the PLANCK data set, PLANCK plus
DR8 angular power spectrum data and PLANCK plus
DR9 galaxy clustering measurements with and without
a prior on the Hubble constant H0 from HST. In this non
flat model, DR8 angular clustering measurements com-
bined with PLANCK reduce the constraint on

∑

mν ,
from

∑

mν < 1.36 eV to
∑

mν < 0.92 eV (both at
95% CL). This constraint is very similar to the one ob-
tained if the BAO DR8 geometrical information is used,

∑

mν < 0.80 eV. Adding the HST prior to DR8 angular
power spectrum measurements improves significantly the
constraints: the 95% CL upper limit is

∑

mν < 0.33 eV.

DR9 3D power spectrum measurements greatly im-
prove the results from the PLANCK data set: when
combined with our basic PLANCK dataset, the 95% CL
bounds without the HST prior are

∑

mν < 0.35 eV
with systematic uncertainties. If HST data is included
as well in the analysis, the former 95% CL bound trans-
lates into

∑

mν < 0.26 eV. These limits are better than
those obtained from the combination of the PLANCK
data set with the DR9 BAO measurement, which is
∑

mν < 0.47 eV without the HST prior. Therefore,
this non flat model, together with the wCDM one, is a
working example in which constraints from full shape 3D
power-spectrum measurements provide significant extra
information than those from BAO signature alone.

Figure 1, right panel, shows the 68% and 95% CL
allowed regions in the (

∑

mν , Ωk) plane from the
PLANCK data set described in Sec. III, and from the
combination of the former data set with DR9 BAO mea-
surements, and DR9 galaxy clustering information. No-
tice that the neutrino mass constraint arising from the
clustering measurements is more powerful than those ob-

Giusarma et 
al., 1306.5544

●

●

KATRIN

See  S. Zeller’s and 
M. Shiozawa’s talks

See  C. Hall’s talk
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Question 3. CP-violation

CP-violation will manifest itself in neutrino oscillations, due to 
the delta phase. The CP-asymmetry:

CP-violation requires all angles to be nonzero.

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

SPC 17 March 2009  Alain Blondel

T asymmetry for sin % = 1

0.10 0.30 10 30 90

NOTES:

Asymmetry can be very large.

Stat. sensitivity

in absence of bkg

is ~independent of #13

down to max. asym. point

Asymmetry changes sign

from one max. to the next.

Sensitivity at low values
of #13 is better for short

baselines, sensitivity at
large values of #13  is

better for longer baselines

(2d max or 3d max.)

sign of asymmetry changes

with max. number.

error

Max. 
Asymmetry

100%

Stat. error 
with no background

A. Blondel

Coloma, 
Huber, 
Kopp, 

Winter, 
1209.5973

See  S. Zeller’s and 
M. Shiozawa’s talks
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Question 4. Precision measurements

The precision measurement of the oscillation parameters will 
become very important once the mass hierarchy and CPV are 

established. LBL experiments can give information 
on                      . ⇥23, ⇥13, �

Within the Daya bay 3� region, we can see that the scaling with ✓13 of �r✓13
of “short” (T2HK and the SPL) and “long” (LBNE and C2P) baseline super-beams
is di↵erent: for short baseline super-beams, the relative precision on ✓13 is roughly
independent of ✓13, indicating that precision in these facilities is limited by the sys-
tematics of the signal in this regime; for long baseline super-beams the precision
improves with ✓13, instead, as expected when the error is statistics-dominated. Be-
low the Daya Bay 3� bound, on the other hand, all super-beams show a significant
degradation of �r✓13. This is due to the fact that, for such small values of ✓13, the
signal is considerably reduced and the systematics on the background start to dom-
inate the error instead. The bands are in all cases relatively narrow, which means
that the precision on ✓13 does not depend significantly on �.
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Figure 5: Relative error on ✓13 as a function of ✓13 at 1� (1 d.o.f.) at the considered beta-

beam (left) and neutrino factory (right) setups. Left panel: results for BB100 (blue, dashed

lines) and BB350 (red, solid lines). Right panel: results for LENF (blue, dashed lines) and

IDS1b (red, solid lines). The width of the bands shows the dependence with the value

of �. The empty triangle shows the present precision at 1� for Daya Bay, while the star

represents the ultimate attainable precision, corresponding only to the quoted systematic

error. Both points are shown for the present best fit. The vertical line corresponds to the

present Daya Bay 3� lower bound. A true normal hierarchy has been assumed and no sign

degeneracies have been taken into account.

In Fig. 5 we compare the precision on ✓13 attainable in the beta-beam and neu-
trino factory setups. For all of these setups we can see that the precision improves

14

Coloma, Huber, Kopp, 
Winter, 1209.5973

Schwetz et al., 2009

Coloma, Donini, 
Fernandez 
Martinez, 

Hernandez, 
1203.5651

See  S. Zeller’s and 
M. Shiozawa’s talks
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The ultimate goal is to 
understand

- where do neutrino 
masses come from?

- why there is leptonic 
mixing? and what is at the 

origin of the observed 
structure?

Friday, 28 June 13
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Neutrino physics gives a new perspective on physics BSM.

This information is complementary with the one 
which comes from flavour physics experiments and 
from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why do neutrinos have 
mass? and why are they 
so much lighter?

Why leptonic mixing 
is so different from 
quark mixing?

17
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Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing:

● like the other fermions as there are no right-handed 
neutrinos.

Solution:   Introduce         for Dirac masses

● they do not have a Majorana mass term

as this term breaks the SU(2) gauge symmetry.
Solution: Introduce an SU(2) scalar triplet or gauge 
invariant non-renormalisable terms (D>4). This term 
breaks Lepton Number.

meēLeR m� �̄L�R

�R

M�T
L C�L
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L = y⌫L̄ ·H⌫R + h.c.

Neutrino masses in the sub-eV range require very small 
couplings to the Higgs boson.

Thanks to 
H. Murayama

Many theorists consider this explanation of neutrino masses 
unnatural, unless an explanation can be given for the extreme 
smallness of the coupling (e.g. extra-D models).

Dirac Masses
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Majorana Masses

D=5 term

If neutrino are Majorana particles, a Majorana mass can 
be generated and can arise as the low energy 
realisation of a higher energy theory (new mass 
scale!).

H

H

?Fermi theory

S t a n d a r d 
Model:
W exchange

Neutrino mass

New theory
new particle 
exchange
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H

H

H

H

H

H

H H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

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

Magg, Wetterich, Lazarides,
Shafi. Mohapatra, Senjanovic,
Schecter, Valle 

Ma, Roy, Senjanovic, 
Hambye

Lepton number
violation!
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

The new Standard Model will contain 
● new particles at a new physics scale 
● new interactions.

Coupling with the dark sector. neutrinos 
can be a portal to new physics:

L⌫ = y L̄ ·H new

22

Thanks also to P. Hernandez
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

LeptogenesisIndirect signals 
(proton decay)
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MN � 1014 GeV

 Introduce a right handed 
neutrino N
 Couple it to the Higgs 
and left handed neutrinos 
with Yukawa couplings 
similar to the other 
fermions

GUT scale: See-saw mechanism type I

�
0 mD

mT
D MN

⇥ m� =
y2

�v2
H

MN
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The see-saw can emerge naturally in GUTheories: e.g. 
SO(10). They provide the necessary elements: N, large M 
and L violation. 

They typically lead to relations between quark and lepton 
masses. Understanding the origin of neutrino masses might 
shed light on the physics at energy scales which could not 
be tested directly in any experiments.

SO(10)

SU(4)PSxSU(2)LxSU(2)R

SU(3)CxSU(2)LxU(1)Y

SU(3)CxSU(2)LxSU(2)RxU(1)B-L

SU(5)
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In the Early
Universe

As the temperature drops, 
only quarks are left:

The excess of quarks can be explained by Leptogenesis 
(Fukugita, Yanagida): the heavy N responsible for neutrino 
masses generate a lepton asymmetry.

Observing L violation 
and CPV would constitute a 
strong hint in favour of 

leptogenesis as the 
origin of the baryon 

asymmetry.
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

(Leptogenesis)Direct signals in 
colliders
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TeV scale models

For smaller Yukawa couplings, small masses can arise from 
new physics at the TeV scale: in principle testable at the LHC 
by looking at same-sign dileptons.

See-saw type I, 
production is 
very suppressed:

Gauge B-L:  pp → Z' → N N

See-saw type II: Scalar Triplets

Triplet see-saw. Triplet N 
produced in gauge interactions

Left-Right models via WR

Inverse or extended see-saw 
models

R-parity violating SUSY

•

•

•

•

Atre et al., 0901.3589

•

•
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decay

Kinks in beta 
decay

Dark Matter, 
WDM, HDM

Nu oscillations
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Below the electroweak scale

Low energy see-saw: sterile neutrinos m<< GeV
Very small Yukawa couplings are required or specific 
cancellations in the masses (inverse or extended see-saw).

If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, the 
scale can be lower than in the 
see-saw models, even at the MeV.

Atre et al., 0901.3589
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Figure 4. Left: possible values of the Yukawa couplings and Majorana masses of the sterile neutrinos in
seesaw models. Right: the table shows whether the corresponding choice of the mass for Majorana fermions
may explain neutrino masses and oscillations, accommodate eV neutrino anomalies, lead to baryogenesis,
provide the dark matter candidate, ensure the stability of the Higgs mass against radiative corrections, and
be directly searched at some experiments.

where Lold is the standard model Lagrangian in the absence of gauge singlet fermions, y↵i are
the neutrino Yukawa couplings, and M are the right-handed neutrino Majorana mass parameters.
Eq. (29) is expressed in the weak basis where the Majorana mass matrix for the right-handed
neutrinos is diagonal.

The seesaw formula allows the mass of singlet neutrinos to be a free parameter: Multiplying mD
by any number x and MR by x2 does not change the right-hand side of the formula. Therefore,
the choice of MR is a matter of theoretical prejudice that cannot be fixed by active-neutrino ex-
periments alone. A possible approach is to choose these parameters so that they explain certain
phenomena and aspects beyond-the-standard model, for example, provide a dark matter candidate
or a mechanism of baryogenesis. The most often considered standard approach takes Yukawa cou-
plings y↵I ⇠ 1 and the Majorana masses in the range MN ⇠ 1010 � 1015 GeV. Models with this
choice of parameters give rise to baryogenesis through leptogenesis [6]. For a review of the GUT-
scale seesaw and the thermal leptogenesis scenario associated with it see e.g. [7]. Here we would
like to focus on variants at lower energy scales.

Figure 4 summarizes various choices of combination of mass/Yukawa couplings of sterile neu-
trinos in seesaw models. The right panel summarizes properties of resulting seesaw models, their
ability to solve various beyond-the-SM problems and anomalies, and their testability.

The main generic prediction of Eq. (29) is the existence of 3 + nR Majorana neutrinos, most of
them massive. All of these “contain” the three active neutrino flavors and hence can, in principle,
be observed experimentally. One exception is the case MR = 0. In this case, the massive Majorana
neutrinos “pair up” into at most three massive Dirac fermions.7 The neutrino data can determine
all physically observable values of yv = mD – the neutrino masses and the elements of the neutrino
mixing matrix, three angles and one CP-odd Dirac phase. Qualitatively, the neutrino data require
mD ⇠ 10�3 eV to ⇠ 10�1 eV. The case M ⌧ mD, as far as observations are concerned, is similar

7In the case nR = 2, there are two massive Dirac neutrinos and one massless neutrino. In the case nR > 3, there are
three massive Dirac neutrinos and nR � 3 massless gauge singlet, bona fide sterile, neutrinos that do not mix with any
of the active states and are completely unobservable.

17

Light sterile neutrinos: a 
White Paper, 1204.5379
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Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Establishing the origin of neutrino masses requires to have 
as much information as possible about the masses and to 
combine it with other signatures of the models (proton 
decay, LHC searches, LFV, sterile neutrinos, ...). 

CLFV plays a special role. Neutrino masses induce LFV 
processes but they are very suppressed.

31

e
⌫i

W

µ

�

Many models of neutrino masses give raise to sizable LFV:
models at the TeV scale with large mixing (e.g. Inverse 
seesaw), Radiative neutrino mass models, SUSY GUT see-saw 
models, Extra D, extra Higgs etc.

Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Charged lepton flavour violation
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Any observation of LFV would indicate new 
physics BSM and provide clues about the origin of 
neutrino masses.

papa et al.: new results on the µ
+
→ e

+
γ decay from the meg experiment

3. The experimental set-up

A schematic layout of the MEG detector is shown in Fig. 2. The world’s most
intense continuous muon beam (available muon intensity Iµ = 3×108µ/s) is stopped
in a thin polyethilene target (thickness tCH2

= 205µm). The energy, the time
and the angle of the gamma are measured by means of the high-energy and time-
resolution liquid xenon (LXe) calorimeter; the momentum and the direction of
the positron are determined by a very precise spectometer; the positron time is
obtained by using the most rapid plastic scintillator detector (the timing counter
detector). The detector signals are selected with high efficiency by a trigger system
and digitized with high frequency by a data acquisition system (DAQ) based on
the DRS chip. All detectors are carefully and frequently calibrated and monitored.

Fig. 2. The MEG experiment layout.

3.1. The muon beam

The muons for MEG are the so-called surface-muons [8]. Protons (current 2.2
mA) are accelerated to an energy of 590 MeV by the PSI cyclotron machine and
hit a thick graphite target (thickness tC = 4 or 6 mm) where pions are produced.
Muons from pions decay at rest emerge from this target. The kinetic energy and
the momentum of these surface-muons are ≈ 3.6 MeV and 29 MeV/c respectively.
Their range in graphite is ≈ 1 mm; the surface-muons are therefore produced only
by π+-pion decaying close to the target surface.

A pure muon beam at low momentum reaches the thin MEG target for a small
straggling and a good identification of the muon decay region. The positron contam-
ination is completly removed by means of the Wien filter and the beam is coupled
to the high magnetic field region, where the spectrometer is placed, by the beam
transport solenoid (BTS). The last elements of the beam line are shown in Fig. 3.

FIZIKA B (Zagreb) 20 (2011) 1, 75–92 77

Super-B factories can improve 
on rare tau decays.

Limits from SINDRUM-II. 

COherent Muon to 
Electron Transition 
(COMET) and PRISM

Mu2e:
http://mu2e.fnal.gov/

MEG at PSI
André de Gouvêa Northwestern

What we can learn from CLFV and other searches for new physics at the
TeV scale (aµ and Colliders):

g � 2 CLFV What Does it Mean?

YES YES New Physics at the TeV Scale; Some Flavor Violation

YES NO New Physics at the TeV Scale; Tiny Flavor Violation

NO YES New Physics Above TeV Scale; Some Flavor Violation – How Large?

NO NO No New Physics at the TeV Scale; CLFV only way forward?

Colliders CLFV What Does it Mean?

YES YES New Physics at the TeV Scale; Info on Flavor Sector!

YES NO New Physics at the TeV Scale; New Physics Very Flavor Blind. Why?

NO YES New Physics “Leptonic” or Above TeV Scale; Which one?

NO NO No New Physics at the TeV Scale; CLFV only way forward?

September 23, 2011 CLFV

Thanks to A. de Gouvea

B(µ ! e�) < 5.7⇥ 10�13 (90% C.L.)
MEG: 1303.0754
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The problem of flavour

Mixing in the leptonic sector is very different from the 
quark one: angles are large (even       !) and there can be 
new sources of CP-violation. Neutrinos provide a different 
perspective on the flavour problem.

Why three generations?

Why the angles have the values 
measured?

What is the origin of CPV?

�13

Various approaches can be adopted:  Flavour symmetries; 
Anarchy; Quark-lepton complementarity...
It is crucial to measure with precision the mixing 
parameters to unveil any underlying pattern.
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A wide experimental programme is taking place: in 2012 we 
had the discovery of the missing third mixing angle.

The ultimate goal is to understand the origin of neutrino 
masses (and the new physics scale) and of mixing.

Neutrinos will help to open a new window on 
the fundamental laws of nature, its constituents 

and the evolution of the Universe.

Conclusions

The discovery of neutrino 
oscillations has opened a 
new perspective: neutrino 
h ave m a s s e s a n d m i x 
implying new physics beyond 
the Standard Model of 
Particle Physics.
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