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This is the twenty-sixth Workshop in Particle Physics being held yearly at the Planibel Hotel of La 
Thuile, Aosta Valley. La Thuile is a beautiful mountain village located 1450m a.s.l., about 40 km 
north of the city of Aosta, on the road to the Mont Blanc. The hotel is at the bottom of a vast skiing 
area connected with the French ski resort La Rosiere and it is an outstanding complex for winter 
sports and congresses. The Rencontres will bring together about 120 active experimentalists and 
theorists, as well as a number of young students supported by the Organizers, to review the status 
and the future prospects in elementary particle physics.
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FIG. 1: Global 3ν oscillation analysis. Bounds on the mass-mixing oscillation parameters, in terms of standard deviations from
the best fit. Solid (dashed) lines refer to the case with old (new) reactor neutrino fluxes. Note the > 3σ evidence for θ13 > 0.

Figure 2 breaks down the global evidence for sin2 θ13 > 0 into two separate contributions coming from the data
sets sensitive to either δm2 (Solar+KamLAND) or ∆m2 (ATM+LBL+CHOOZ), assuming old and new reactor fluxes
(left and right panels, respectively). Remarkably, the two data sets agree very well, with best fits rather close to each
other in both panels, and with nearly gaussian uncertainties in all cases. The bounds from combined (ALL) data
appear to be currently dominated by ∆m2-sensitive experiments—not surprisingly, since the T2K appearance results
alone account for more than 2σ [23]. The T2K experiment, currently limited by statistics rather than by systematics,
is expected to improve significantly the bounds on θ13 in future physics runs [23]. We also find it useful to summarize
the ±1σ ranges of sin2 θ13 in a different format in Fig. 3, where the solid and dashed error bars refer to old and new
reactor neutrino fluxes, respectively.
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FIG. 2: Breakdown of the evidence for θ13 > 0 from the global fit (ALL) into contributions coming from δm2-sensitive data
(Solar+KamLAND) and from ∆m2-sensitive data (ATM+LBL+CHOOZ). The left and right panels refer to old and new fluxes,
respectively.
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Figure 2. Upper panels: ∆χ2 as a function of sin2 θ13 for T2K and MINOS νe
appearance data (“LBL app”), all the other global data (“no LBL app”), and the
combined global data (“global”). Lower panels: contours of ∆χ2 = 1, 4, 9 in the
sin2 θ13 − δ plane for “LBL app” (curves) and for the global data (shaded regions).
We minimize over all undisplayed oscillation parameters. Left (right) panels are for
normal (inverted) neutrino mass hierarchy.

3. Global analysis

We move now to the combined analysis of the T2K and MINOS νe appearance searches

with global neutrino oscillation data as described and referenced in Ref. [1]. For the

reactor analysis we use the “recommended” analysis from Ref. [1], which adopts the

new reactor neutrino fluxes from Ref. [5] while including short-baseline reactor neutrino

experiments with baselines ! 100 km in the fit. The results for θ13 are summarized in

Fig. 2. For both neutrino mass hierarchies we find that the 2.5σ indication for θ13 > 0
from T2K gets pushed to the 3σ level (∆χ2 = 9) when combined with the weak hint for

a non-zero θ13 obtained from the remaining data [1], see also Ref. [6]. We find best fit

points at

sin2 θ13 = 0.013 , δ = −0.61π (normal hierarchy),
sin2 θ13 = 0.016 , δ = −0.41π (inverted hierarchy).

(1)

Due to some complementarity between T2K and MINOS one obtains, after
combining with the θ13 limit from the rest of the data, a “preferred region” for the

CP phase δ at ∆χ2 = 1, as seen in Fig. 2. Obviously this preference for the CP phase is
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Figure 3. Determination of the atmospheric oscillation parameters. Left: interplay
of atmospheric (black) and MINOS disappearance (blue) data and the combination
(red/shaded region) for normal hierarchy at 90% CL (dashed) and 3σ (solid). Right:
combined allowed regions for normal (black curves) and inverted hierarchy (colored
regions) at 90%, 95%, 99%, 99.73% CL.

data consists of 54 electron neutrino events, while, according to the measurements in the

MINOS Near Detector, 49.1 ± 7.0(stat) ± 2.7(syst) background events were expected.

Hence the observed number of events is in agreement with background expectations

within 0.7σ and the hint for a non-zero value of θ13 present in previous data [17] has

largely disappeared. In fact, we see that once we include the new MINOS data in our

analysis, a smaller best fit point of θ13 is obtained and, as a result, the hint for θ13 is
less significant than before: for both hierarchies we find only a 0.8σ hint when using

new MINOS data versus 1.3σ obtained with the previous MINOS appearance data, see

e.g. [18] for a discussion.

Atmospheric neutrino data from Super-Kamiokande I+II+III described in the

previous section implies a best fit point very close to θ13 = 0 [12], with ∆χ = 0.0(0.3)

for θ13 = 0 for NH (IH). However, in the combination with MINOS disappearance and
appearance data we even find a slight preference for θ13 > 0, with ∆χ2 = 1.6(1.9) at

θ13 = 0 for NH (IH). As shown in Fig. 4 this happens due to a small mismatch of the

best fit values for |∆m3
31| at θ13 = 0, which can be resolved by allowing for non-zero

values of θ13 [3]. This is similar to the hint for θ13 > 0 coming from a slight tension

between solar and KamLAND data, see Ref. [1]. Therefore, the hint for θ13 > 0 from

atmospheric + LBL data becomes slightly stronger compared to the previous data.

3. New reactor fluxes and implications for oscillation parameters

Up to very recently the interpretation of neutrino oscillation searches at nuclear power

plants was based on the calculations of the reactor ν̄e flux from Ref. [19]. Indeed, the

observed rates at all reactor experiments performed so-far at distances L ! 1 km are

consistent with these fluxes, therefore setting limits on ν̄e disappearance. Recently the
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[A4:	
   Adhikary;	
   Altarelli;	
   Aris.zabal	
  Sierra;	
   Babu;	
   Bazzocchi;	
   Bertuzzo;	
   Di	
  Bari;	
   Branco;	
   Brahmachari;	
   Chen;	
  
Choubey;	
   Ciafaloni;	
   Csaki;	
   Delaunay;	
   Felipe;	
   Feruglio;	
   Frampton;	
   Frigerio;	
   Ghosal;	
   Grimus;	
   Grojean;	
  
Grossmann;	
  Hagedorn;	
  He;	
  Hirsch;	
  Honda;	
  Joshipura;	
  Kaneko;	
  Keum;	
  King;	
  Koide;	
  Kuhbock;	
  Lavoura;	
  
Lin;	
  Ma;	
  Machado;	
  Malinsky;	
  Matsuzaki;	
  de 	
  Medeiros 	
  Varzielas;	
  Meloni;	
  LM;	
  Mitra;	
  Molinaro;	
  Morisi;	
  
Nardi;	
  Parida;	
  Paris;	
  Petcov;	
  Pleitez;	
  Picariello;	
  Rajasekaran;	
   	
  Riazzudin,	
  Romao;	
   Serodio;	
  Skadhauge;	
  
Tanimoto;	
  Torrente-­‐Lujan;	
  Urbano;	
  Valle;	
  Villanova	
  del	
  Moral;	
  Volkas;	
  Yin;	
  Zee;	
  ...;

S4,	
  T’,	
  Δ(3n2):	
  de	
  Adelhart	
  Toorop;	
  Altarelli,	
  Bazzocchi;	
  Chen;	
  Ding;	
  Hagedorn;	
  Feruglio;	
  Frampton;	
  Kephart;	
  
King;	
   Lam;	
   Lin;	
   Luhn;	
   Ma;	
   Mahanthappa;	
   Matsuzaki;	
   de	
   Medeiros	
   Varzielas;	
   LM;	
   Morisi;	
   Nasri;	
  
Ramond;	
  Ross;	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ...]

Discrete	
  
Symmetries:

In	
  the	
  basis	
  of	
  diagonal	
  
charged	
  leptons:
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A4	
   is	
   the	
   group	
   of	
   even	
   permuta.ons	
   of	
   4	
   objects	
   isomorphic	
   to	
   the	
  
group	
   of	
   the	
   rota.ons	
   which	
   leave	
   a	
   regular	
   tetrahedron	
   invariant	
  
(Subgroup	
  of	
  SO(3)).
It	
  has	
  12	
  elements	
  and	
  4	
  representa.ons:	
  3,	
  1,	
  1’,	
  1’’

The	
  Altarelli-­‐Feruglio	
  Model
[Altarelli	
  &	
  Feruglio	
  2005]
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U = U †
eU⌫ = UTB

The	
  Altarelli-­‐Feruglio	
  Model
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  2005]
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�12 ⇡ �23 ⇡ �13

In	
  a	
  typical	
  model,	
  the	
  correc.ons	
  are	
  democra.c	
  in	
  all	
  the	
  angles:	
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1

2
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@	
  LO:
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@	
  NLO:
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+ �23
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�ij ⇡ 0.12

To	
  maximize	
  the	
  success	
  
rate	
  for	
  a	
  reactor	
  angle	
  
inside	
  the	
  90%	
  C.L.

Luca	
  Merlo,	
  Theore.cal	
  Models	
  for	
  Neutrino	
  Masses

[Altarelli,	
  Feruglio,	
  LM	
  &	
  Stamou,	
  to	
  appear]
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Similar	
  conclusions	
  are	
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  2011]
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Special	
  Tri-­‐Bimaximal
[Lin	
  2009]
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Generic	
  correc.ons	
  to	
  all	
  the	
  angles
✓13 ⇡ O(�)

sin2 ✓12 � sin2 ✓TB
12 ⇡ O(�2)
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� ⇡ 0.15

To	
  maximize	
  the	
  success	
  
rate	
  for	
  a	
  reactor	
  angle	
  
inside	
  the	
  90%	
  C.L.,	
  again

and	
  now	
  the	
  solar	
  angle	
  
is	
  also	
  inside	
  its	
  90%	
  C.L.

and	
  even	
  the	
  atmospheric	
  
angle	
  is	
  also	
  inside	
  its	
  90%	
  C.L.

Luca	
  Merlo,	
  Theore.cal	
  Models	
  for	
  Neutrino	
  Masses

[Altarelli,	
  Feruglio,	
  LM	
  &	
  Stamou,	
  to	
  appear]

[Altarelli,	
  Feruglio,	
  LM	
  &	
  Stamou,	
  to	
  appear]
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1
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[Altarelli,	
  Feruglio	
  and	
  LM	
  2009]
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� ⇡ 0.15

The	
  model	
  is	
  not	
  in	
  agreement	
  with	
  the	
  data	
  and	
  large	
  correc.ons	
  are	
  necessary.	
  

The	
  ques.on	
  is	
  weather	
  the	
  model	
  can	
  arrange	
  both	
  the	
  solar	
  and	
  the	
  reactor	
  angles	
  
inside	
  their	
  own	
  90%	
  C.L.	
  at	
  the	
  same	
  .me:	
  best	
  result	
  with
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mSUSY ⇡ (1÷ 10)TeV ⇤SUSY

Impact	
  on	
  LFV
(g-­‐2)µ	
  discrepancy
dark	
  ma3er
gauge	
  coupling	
  unifica8on
hierarchy	
  problem

Low	
  Energy	
  
Observables:

 ν masses
 ν oscilla8ons

GUTs
flavour	
  symmetries
νc

superheavy	
  gauge	
  bosons

⇤fh'i EnergyMGUTe.w.	
  scale0
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  Flavour	
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  indirectly:
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   flavons	
   	
   	
   	
   do	
   not	
   lead	
   to	
   direct	
   contribu.ons	
   (tree-­‐level	
   or	
   loops	
   are	
  
suppressed	
  by	
  the	
  heavy	
  mass)

the	
  soS-­‐SUSY	
  breaking	
  parameters	
  are	
  governed	
  by	
  the	
  flavour	
  symmetry	
  and	
  its	
  

breaking	
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Figure 2 breaks down the global evidence for sin2 θ13 > 0 into two separate contributions coming from the data
sets sensitive to either δm2 (Solar+KamLAND) or ∆m2 (ATM+LBL+CHOOZ), assuming old and new reactor fluxes
(left and right panels, respectively). Remarkably, the two data sets agree very well, with best fits rather close to each
other in both panels, and with nearly gaussian uncertainties in all cases. The bounds from combined (ALL) data
appear to be currently dominated by ∆m2-sensitive experiments—not surprisingly, since the T2K appearance results
alone account for more than 2σ [23]. The T2K experiment, currently limited by statistics rather than by systematics,
is expected to improve significantly the bounds on θ13 in future physics runs [23]. We also find it useful to summarize
the ±1σ ranges of sin2 θ13 in a different format in Fig. 3, where the solid and dashed error bars refer to old and new
reactor neutrino fluxes, respectively.
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All the results reported in Figs. 1–4 and in Table I are marginalized over the four discrete cases in Eq. (5). For
completeness, we also show in Fig. 5 the breakdown of the θ13 bounds over these four options (for the case of old
reactor fluxes only), in terms of standard deviation ranges for the parameter cos δ sin θ13 = ± sin θ13 in both normal
and inverted hierarchy, for the relevant data set ATM+LBL+CHOOZ (while δm2-sensitive data are δ-independent).
We do not find any significant difference in the position and likelihood of the best fits points for normal and inverted
hierarchy. However, we find, as in our previous analysis [2], a preference for the CP-conserving case cos δ = −1 versus
+1. In [2] we argued that the weak preference for both sin2 θ13 > 0 and cos δ < 0 were tied by the interference term
driven by δm2 and θ13 [35] in the atmospheric neutrino oscillation probability. The preference for cos δ sin θ13 < 0
in Fig. 5 appears to be more pronounced (∼ 2σ) than in [2], presumably because it correlates with the (now more
robust) preference for sin2 θ13 > 0. It is intriguing to notice that a weak preference for cos δ sin θ13 < 0 has also been
found in the preliminary atmospheric 3ν analysis from the SK collaboration [17]. Time will tell if this is another hint
or mere fluctuation.
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for both normal hierarchy (NH) and inverted hierarchy (IH), using the ATM+LBL+CHOOZ data set. The curves refer to the
analysis with old reactor neutrino fluxes; similar results (not shown) are obtained for new reactor fluxes.
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We do not find any significant difference in the position and likelihood of the best fits points for normal and inverted
hierarchy. However, we find, as in our previous analysis [2], a preference for the CP-conserving case cos δ = −1 versus
+1. In [2] we argued that the weak preference for both sin2 θ13 > 0 and cos δ < 0 were tied by the interference term
driven by δm2 and θ13 [35] in the atmospheric neutrino oscillation probability. The preference for cos δ sin θ13 < 0
in Fig. 5 appears to be more pronounced (∼ 2σ) than in [2], presumably because it correlates with the (now more
robust) preference for sin2 θ13 > 0. It is intriguing to notice that a weak preference for cos δ sin θ13 < 0 has also been
found in the preliminary atmospheric 3ν analysis from the SK collaboration [17]. Time will tell if this is another hint
or mere fluctuation.

13θ sin δcos 
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FIG. 5: Standard deviations from the best fit in terms of the variable cos δ sin θ13 for the two CP parities (cos δ = ±1) and
for both normal hierarchy (NH) and inverted hierarchy (IH), using the ATM+LBL+CHOOZ data set. The curves refer to the
analysis with old reactor neutrino fluxes; similar results (not shown) are obtained for new reactor fluxes.



Neutrino	
  Oscilla-on	
  Fits
[Schwetz	
  et	
  al.	
  2011]

Where we are on θ13: addendum to “Global neutrino data...” 3

0

10

20

30

Δ
χ2

global
no LBL app
LBL app

★

0 0.025 0.05 0.075
sin2

θ13

-1

-0.5

0

0.5

1

δ 
/ π

NH

Δχ
2 = 1,4,9

curves: LBL app
shaded: global

3σ

0

10

20

30

Δ
χ2

global 
no LBL app
LBL app

★

0 0.025 0.05 0.075
sin2

θ13

-1

-0.5

0

0.5

1

δ 
/ π

IH

Δχ
2 = 1,4,9

curves: LBL app
shaded: global

3σ

Figure 2. Upper panels: ∆χ2 as a function of sin2 θ13 for T2K and MINOS νe
appearance data (“LBL app”), all the other global data (“no LBL app”), and the
combined global data (“global”). Lower panels: contours of ∆χ2 = 1, 4, 9 in the
sin2 θ13 − δ plane for “LBL app” (curves) and for the global data (shaded regions).
We minimize over all undisplayed oscillation parameters. Left (right) panels are for
normal (inverted) neutrino mass hierarchy.

3. Global analysis

We move now to the combined analysis of the T2K and MINOS νe appearance searches

with global neutrino oscillation data as described and referenced in Ref. [1]. For the

reactor analysis we use the “recommended” analysis from Ref. [1], which adopts the

new reactor neutrino fluxes from Ref. [5] while including short-baseline reactor neutrino

experiments with baselines ! 100 km in the fit. The results for θ13 are summarized in

Fig. 2. For both neutrino mass hierarchies we find that the 2.5σ indication for θ13 > 0
from T2K gets pushed to the 3σ level (∆χ2 = 9) when combined with the weak hint for

a non-zero θ13 obtained from the remaining data [1], see also Ref. [6]. We find best fit

points at

sin2 θ13 = 0.013 , δ = −0.61π (normal hierarchy),
sin2 θ13 = 0.016 , δ = −0.41π (inverted hierarchy).

(1)

Due to some complementarity between T2K and MINOS one obtains, after
combining with the θ13 limit from the rest of the data, a “preferred region” for the

CP phase δ at ∆χ2 = 1, as seen in Fig. 2. Obviously this preference for the CP phase is
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Figure 5. Short-baseline reactor data. We show the observed rate relative to the
predicted rate based on old [19] (blue) and new [5, 6] (red) flux calculations. Small error
bars show statistical and uncorrelated systematic uncertainties, large error bars include
in addition correlated systematic Al uncertainties. The solid histograms correspond to
the fitted prediction shifted due to the uncertainty on the fluxes [6], as indicated in the
right panel. The dashed lines show the best fit assuming a free overall normalization
of reactor fluxes. See text for details.

to the same experimental technique. We obtain χ2 = 8.1(13.0) for 12 degrees of freedom
using old (new) fluxes. Clearly old fluxes provide a better fit to the data, whereas the

χ2 for new fluxes is still acceptable (P-value of 37%). Such a good fit can be obtained

by a rescaling of the fluxes (subject to the quoted uncertainties) as shown in the right

panel.

The dashed lines in the figure correspond to a fit where we introduce an overall

factor f in front of the fluxes, which we let float freely in the fit. For the old fluxes we
find the best fit value of f = 0.984 with f = 1 within the 1σ range. In contrast, for

new fluxes we obtain f = 0.942 ± 0.024, and f = 1 disfavored with ∆χ2 = 6.2 which

corresponds to about 2.5σ. This is the origin of the “reactor anti-neutrino anomaly”

discussed in [6]. A possible explanation of this anomaly could be the presence of a sterile

neutrino “visible” in this oscillation channel but not in the solar and/or atmospheric

conversions, the so-called 3+1 scenario, see e.g. [29]. However, within the uncertainties
on the neutrino flux prediction, the goodness of fit of the new fluxes to SBL reactor

data is still rather good. Given this somewhat ambiguous situation, in the following we

will present results for 3-flavour oscillations adopting different assumptions on reactor

neutrino fluxes: (a) motivated by the excellent goodness of fit of SBL data to the new

flux prediction we take fluxes and the quoted uncertainties at face value, and (b) we

introduce the free flux normalization f in the fit. This second option takes into account
the possible presence of a sterile neutrino or some other correlated effect on all reactor

neutrino fluxes. In this scenario the SBL reactor experiments effectively serve as near

detectors determining the flux which is then used as input for the oscillation analysis at

longer baselines.
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Figure 2. Upper panels: ∆χ2 as a function of sin2 θ13 for T2K and MINOS νe
appearance data (“LBL app”), all the other global data (“no LBL app”), and the
combined global data (“global”). Lower panels: contours of ∆χ2 = 1, 4, 9 in the
sin2 θ13 − δ plane for “LBL app” (curves) and for the global data (shaded regions).
We minimize over all undisplayed oscillation parameters. Left (right) panels are for
normal (inverted) neutrino mass hierarchy.

3. Global analysis

We move now to the combined analysis of the T2K and MINOS νe appearance searches

with global neutrino oscillation data as described and referenced in Ref. [1]. For the

reactor analysis we use the “recommended” analysis from Ref. [1], which adopts the

new reactor neutrino fluxes from Ref. [5] while including short-baseline reactor neutrino

experiments with baselines ! 100 km in the fit. The results for θ13 are summarized in

Fig. 2. For both neutrino mass hierarchies we find that the 2.5σ indication for θ13 > 0
from T2K gets pushed to the 3σ level (∆χ2 = 9) when combined with the weak hint for

a non-zero θ13 obtained from the remaining data [1], see also Ref. [6]. We find best fit

points at

sin2 θ13 = 0.013 , δ = −0.61π (normal hierarchy),
sin2 θ13 = 0.016 , δ = −0.41π (inverted hierarchy).

(1)

Due to some complementarity between T2K and MINOS one obtains, after
combining with the θ13 limit from the rest of the data, a “preferred region” for the

CP phase δ at ∆χ2 = 1, as seen in Fig. 2. Obviously this preference for the CP phase is
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