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BOUNDS ON Θ13

 AND δ
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Outline

• Direct searches

• Global three-families fits ( 0806.2649!? )

• LSND results and sterile neutrinos
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The PMNS matrix

Gonzalez-García and Maltoni ‘07

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing 
matrix is the leptonic analogous of the CKM matrix

UPMNS =





1 0 0

0 c23 s23

0 −s23 c23









c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13









c12 s12 0

−s12 c12 0

0 0 1









1 0 0

0 eiα1 0

0 0 eiα2





θ12 = 32º–35ºθ23 = 39º–48º θ13 < 11º Majorana
phases

“Atmospheric”
oscillation

“Solar”
oscillation
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The PMNS matrix
Solar

parameters:

Atmospheric
parameters:

Gonzalez-García and Maltoni ‘08
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θ13 < 11.5
◦

The PMNS matrix
Solar

parameters:

Atmospheric
parameters:

Unknown parameters
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Dirac CP-violating phase δθ13 < 11.5
◦

The PMNS matrix
Solar

parameters:

Atmospheric
parameters:

Unknown parameters

Gonzalez-García and Maltoni ‘08
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Dirac CP-violating phase δθ13 < 11.5
◦

The PMNS matrix
Solar

parameters:

Atmospheric
parameters:

Unknown parameters

Sign of Δm213

Gonzalez-García and Maltoni ‘08
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Dirac CP-violating phase δθ13 < 11.5
◦

The PMNS matrix
Solar

parameters:

Atmospheric
parameters:

Unknown parameters

Sign of Δm213 θ23-octant

Gonzalez-García and Maltoni ‘08
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DIRECT SEARCHES OF 
Θ13
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Direct searches of θ13 

• This is a tale of exclusion plots.

• The  angle θ13 can be directly tested using 
νe disappearance or the νμ→ νe 

appearance (indirectly through νμ 

disappearance)

• Accelerator and reactor experiments have 
been looking for it. 
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Some useful approximations:

We must work in the
three-family framework
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Three-families analysis

Caution: subleading effects can no longer
be neglected.
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Accelerator and reactor experiments
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Accelerator and reactor experiments
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Sensitivity bounds by LBL accelerator experiments
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Reactor experiments
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Reactor experiments
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Reactor experiments
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Reactor experiments
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Reactor experiments
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Reactor experiments

17miércoles 18 de junio de 2008



Reactor experiments
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Reactor experiments

Caveat: KamLAND has a signal.....
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Reactor experiments: Chooz
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Reactor experiments: Palo Verde
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Reactor experiments: Chooz and Palo Verde
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Reactor experiments: Chooz and Palo Verde

Atmo osc are not νμ→ νe 
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Reactor experiments: Chooz and Palo Verde

θ13≤11°Atmo osc are not νμ→ νe 
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Reactor experiments: Chooz and Palo Verde

θ13≤11°Atmo osc are not νμ→ νe 

This is a 
different angle: 

is θ13
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Sensitivity bounds by future reactor experiments

22miércoles 18 de junio de 2008



THREE-FAMILY FIT TO 
DATA
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Three-family analysis
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Three-family analysis in atmospheric data

M. Maltoni, BENE meeting ‘06
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Three-family analysis in atmospheric data

M. Maltoni, BENE meeting ‘06

νμ →νμνe →νμνe →νe
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Three-family analysis in atmospheric data

M. Maltoni, BENE meeting ‘06

νμ →νμνe →νμνe →νe
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Three-family analysis in atmospheric data
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Three-family analysis in atmospheric data

The atmospheric data 
sensitivity to θ13 
depends on the 

CP-violating phase δ
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Three-family analysis in atmospheric data

M. Maltoni, BENE meeting ‘06
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Gonzalez-García and Maltoni,  ‘08

Global three-family analysis
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Gonzalez-García and Maltoni,  ‘08

Global three-family analysis
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Global three-family analysis

Gonzalez-García and Maltoni,  ‘08
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Global three-family analysis

Gonzalez-García and Maltoni,  ‘08

Hints of a 
non-vanishing θ13?
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Monday global three-family analysis

Fogli et al,  16/06/08

However.....
new SNO 

and KamLAND 
data
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Monday global three-family analysis

Fogli et al,  16/06/08

However.....
new SNO 

and KamLAND 
data

θ13 = 7°± 6°

sin2 θ13 = 0.016±0.010
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STERILE NEUTRINOS
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Short Baseline accelerator experiments

Important for sterile neutrino searches!
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Short Baseline accelerator experiments
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The problem: LSND
LSND is a low-energy “neutrino factory”: 
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The problem: LSND

Aguilar et al, hep-ex/0104049

In the DAR sample, an excess of 87.9 ± 22.4 ± 6.0 events 
over the background has been observed 

LSND is a low-energy “neutrino factory”: 

π
+
→ µ

+
νµ

ν̄µ → ν̄ee
+
νeν̄µ

(DAR)

νµ → νe
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The problem: LSND

Aguilar et al, hep-ex/0104049

In the DAR sample, an excess of 87.9 ± 22.4 ± 6.0 events 
over the background has been observed 

LSND is a low-energy “neutrino factory”: 

π
+
→ µ

+
νµ

ν̄µ → ν̄ee
+
νeν̄µ

(DAR)

νµ → νe

An excess of  8.1 ± 12.2 ± 7.0 events has been observed in 
the νμ→νe channel
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The problem: LSND (2)

Beam related
backgrounds

Excess of events: 
87.9 ±  22.4 ± 6.0 

Expectation for
oscillations

Data points after
background subtraction

Aguilar et al, hep-ex/0104049
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LSND analysis (2001)
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Effective two-family analysis

Aguilar et al, hep-ex/0104049
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Sterile neutrinos
Easiest possibility to solve the LSND puzzle:                           
      add one or more singlet fermion states to the SM
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      add one or more singlet fermion states to the SM

Δm2ATM

Δm2LSND

2+2
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Sterile neutrinos
Easiest possibility to solve the LSND puzzle:                           
      add one or more singlet fermion states to the SM

Δm2ATM

Δm2LSND

2+2

Δm2ATM

Δm2LSND

3+1 3+2

Δm2ATM

Δm2SOL

Δm2LSND

Sorel, Conrad and Schaevitz, hep-ph/0305255
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Pre-MiniBooNE
The 2+2 model is ruled out by solar and atmospheric neutrino 

data

Maltoni, Schwetz, Tórtola and Valle, hep-ph/0405172
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Fig. 2. Left: ∆χ2 as a function of ηs from solar data before the SNO salt-phase results, from
current solar data, and from solar+KamLAND data. Middle: ∆χ2

SOL, ∆χ2
ATM+K2K+SBL

and χ̄2
global as a function of ηs in (2+2) oscillation schemes. The dashed line corresponds to

atmospheric and K2K data only (without SBL data). Right: ∆χ2
ATM+K2K as a function of

dµ. From Ref. [9]

from the fit to atmospheric+K2K data from Ref. [9] is shown in Fig. 2(right). The
present bound on dµ gives dµ ≤ 0.065 at 99% CL. A small dµ means that sterile states
are only marginally involved in atmospheric transitions, as it is for a small ηs in solar
transitions.

In Fig. 3, the upper bound on the LSND oscillation amplitude sin2 2θLSND from the
combined analysis of NEV experiments and atmospheric neutrino data from Ref. [9] is
shown. This figure illustrates that the strong bound on dµ is mostly relevant for low
values of ∆m2

LSND. In particular, the previously allowed region with ∆m2
LSND ∼ 0.3

eV2 and sin2 2θLSND = O(10−2) is no longer available when new atmospheric data are
taken into account. On more general ground, we see that the bound is incompatible
with the signal observed in LSND at the 95% CL. Only marginal overlap regions exist
between the bound and global LSND data if both are taken at 99% CL. Using only
the decay-at-rest LSND data sample [32] the disagreement is even more severe. These
results show that (3+1) schemes are strongly disfavoured by SBL disappearance data.

For this reason, additional sterile states have been considered to get a better agreement
with experimental data. Such is the case of 3+2 models, a smooth extensions of 3+1
ones. A quite interesting scenario is, in our opinion, that in which three right-handed
Majorana neutrinos are added to the three weakly interacting ones. If the Majorana
mass term M is O(eV), 3+3 light Majorana neutrinos are present at low-energy [33,34].

2.2 Parametrization of the PMNS matrix

In “standard” four-neutrino models, new sterile states are added to the three neutrino
that are weakly interacting. Mixing occurs between all of the neutrino states (i.e. ac-

5

ηα =

∑

i∈solar

|Uαi|
2

dα = 1 −
∑

i∈atmo

|Uαi|
2
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Pre-MiniBooNE (2)

Maltoni, Schwetz, Tórtola and Valle, hep-ph/0405172
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Fig. 3. Upper bound on sin2 2θLSND from NEV, atmospheric and K2K neutrino data in (3+1)
schemes. The bound is calculated for each ∆m2

LSND using the ∆χ2 for 1 dof. The dotted line
corresponds to the bound at 99% CL without K2K and using one–dimensional atmospheric
fluxes. Also shown are the regions allowed at 99% CL (2 dof’s) from global LSND data [5]
and decay-at-rest (DAR) LSND data [32]. From Ref. [9].

tive and sterile ones), and thus the mixing matrix is a general n × n unitary matrix
[2], UPMNS. For n = 4, the PMNS matrix contains six independent rotation angles θij

and three (if neutrinos are Dirac fermions) or six (if neutrinos are Majorana fermions)
phases δi. In oscillation experiments, only the so-called “Dirac phases” can be mea-
sured, the effect of the “Majorana phases” being suppressed by factors of mν/Eν . The
Majorana or Dirac nature of neutrinos can thus be tested only in ∆L = 2 transitions
such as neutrino-less double β-decay [35] or lepton number violating decays [8]. Notice
that, in the case of low-energy Majorana right neutrinos [33,34], however the parameter
space would be much more constrained.

In the following analysis, with no loss in generality, we will restrict ourselves to the
case of 4 Dirac-type neutrinos only. This large parameter space (6 angles and 3 phases,
to be compared with the standard three-family mixing case of 3 angles and 1 phase) is
actually reduced to a smaller subspace whenever some of the mass differences become
negligible. Consider the measured hierarchy in the mass differences in a 3+1 model,

∆m2
sol " ∆m2

atm " ∆m2
LSND . (2)

At short distance, L = O(1) Km, for neutrinos up to O(10) GeV,











∆sol , ∆atm " 1 ,

∆LSND = O(1) ,
(3)

with ∆ = ∆m2L
4Eν

. Therefore, it is natural at short distances to neglect the solar and
atmospheric mass differences and to work in a reduced parameter space. This approxi-

6

The 3+1 model was 
also in a bad shape

de ∼ |Ue4|
2

< 0.053 Bugey

dµ ∼ |Uµ4|
2

< 0.063 CDHS +
atmospherics

sin
2
2θµe = 4dedµ < 3 × 10

−3
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MiniBooNE results
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No event excess observed 
above 475 MeV

However, unexplained
event excess observed 

in the range [300-475] MeV

Aguilar et al, 0704.1500 [hep-ex]
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3+1 after MiniBooNE

Maltoni and Schwetz, 0705.0107 [hep-ph]
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Bounds on 3+1 model
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3+2 after MiniBooNE

Maltoni and Schwetz, 0705.0107 [hep-ph]
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What about cosmology?
Cosmological neutrinos modify the history of the Universe. 
The relevant parameters are: 
           ∑mνi and the abundance ων+ωs

Dodelson, Melchiorri and Slosar, astro-ph/0511500
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What about cosmology?
Cosmological neutrinos modify the history of the Universe. 
The relevant parameters are: 
           ∑mνi and the abundance ων+ωs

During the early Universe, active neutrinos can oscillate into 
sterile neutrinos (if Δm2*sin4θ > 3x10-6 eV2)

Within this hypoyhesis, ms = ∑mνi < 0.26 eV at 95% CL

thermal abundance hypothesis, ων=ωs

Dodelson, Melchiorri and Slosar, astro-ph/0511500
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What about cosmology?
Cosmological neutrinos modify the history of the Universe. 
The relevant parameters are: 
           ∑mνi and the abundance ων+ωs

For non-thermal sterile neutrinos, the upper bound 
on ms depends on the abundance

During the early Universe, active neutrinos can oscillate into 
sterile neutrinos (if Δm2*sin4θ > 3x10-6 eV2)

Within this hypoyhesis, ms = ∑mνi < 0.26 eV at 95% CL

thermal abundance hypothesis, ων=ωs

Dodelson, Melchiorri and Slosar, astro-ph/0511500

46miércoles 18 de junio de 2008



Two reference detectors have been considered: 

NuFact and sterile neutrinos
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Two reference detectors have been considered: 

1) 1 TON detector at L = 1 Km;
μ-identification efficiency εμ = 0.5;
τ-identification efficiency ετ = 0.35;

B = 10-5 NCC

NuFact and sterile neutrinos
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Two reference detectors have been considered: 

1) 1 TON detector at L = 1 Km;
μ-identification efficiency εμ = 0.5;
τ-identification efficiency ετ = 0.35;

B = 10-5 NCC

2) 40 Kton magnetized iron detector at L = 3000 Km
(the standard detector for the Neutrino Factory

νe→νμ analysis) 

Cervera, Dydak and Gómez-Cadenas, NIMA 451 (2000) 123

NuFact and sterile neutrinos
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NF results (1)

sin2θ14 sin2θ34

Donini and Meloni,  hep-ph/0105089

νe→νμ νμ→ντ

Detector 1
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NF results (2)

Detector 2 Donini, Lusignoli and Meloni,  hep-ph/0107231

Texto

Regions in which confusion between 3 and 3+1 
CP-conserving models is possible

Texto

Dalmatian dog-hair plots
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W. Disney et al,  “One hundred and one dalmatians”, 1961
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CONCLUSIONS
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• In order to measure θ13 and δ we must study 
subleading effects in the oscillation probabilities.

• Strategy 1: direct searches (LBL and reactors)           
The present bound for direct searches is θ13 < 10.8°

• Strategy 2: global three-family analysis                      
The present bound for global fits is:                         
Sin2θ13 < 0.035  (Gonzalez-García and Maltoni, 0704.1800) 
Sin2θ13 = 0.016 ± 0.010 (Fogli et al, 0806.2649)   
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• Sterile neutrinos: MiniBooNE excludes 4 neutrino 
models as a solution to the LSND problem; LSND can 
be explained in 5 neutrino models, though 

• Interesting excess at low energy in MiniBooNE data: 
food for theorists (eg Harvey,Hill and Hill, 0712.1230!)
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