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Global data on neutrino oscillations
various neutrino sources, vastly different energy and distance scales:

sun reactors atmosphere accelerators

Homestake,SAGE,GALLEX KamLAND, D-CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino DayaBay, RENO OPERA, NOvA

I global data fits nicely with the 3 neutrinos from the SM
www.nu-fit.org, talk by M. Maltoni

I exceptions: “anomalies” at 2-3 σ:
I short-baseline experiments: → sterile neutrinos?
I missing up-turn of solar ν spectrum → non-standard interactions?
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Sterile neutrinos at the eV scale

Outline

Sterile neutrinos at the eV scale

Non-standard neutrino interactions
LMA-dark and the mass ordering determination

Conclusions
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Sterile neutrinos at the eV scale

Sterile neutrinos at the eV scale? talks by D. Lhuillier, A. Hayes

I reactor anomaly (ν̄e disappearance)

I Gallium anomaly (νe disappearance)

I LSND (ν̄µ → ν̄e appearance)

I MiniBooNE
(νµ → νe , ν̄µ → ν̄e appearance)

(3+2) scheme
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mostly based on Kopp, Machado, Maltoni, Schwetz, 1303.3011

I “phenomenological model”: eV scale states are not related to seesaw or the
mechanism of neutrino mass generation

I eV scale seesaw e.g.: Blennow, Fernandez-Martinez, 11; Fan, Langacker, 12;
Donini, Hernandez, Lopez-Pavon, Maltoni, TS, 12
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Sterile neutrinos at the eV scale

Hints for SBL νe → νe disappearance
I Reactor anomaly:

calculation of neutrino flux from nuclear reactors
Mueller et al., 11; P. Huber, 11

f = 0.935± 0.024 (different from 1 @ 2.7σ)

talk by A. Hayes
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∆m2 = 0.44 eV2, sin22θ14 = 0.13  

∆m2 = 1.75 eV2, sin22θ14 = 0.10  

∆m2 = 0.9 eV2, sin22θ14 = 0.057

solid: sin22θ13 = 0.085
dashed: θ13 = 0

I Gallium anomaly:

rate from radio-active sources in Gallium solar ν
exps compared to cross section calculations
Acero,Giunti,Laveder,07; Giunti,Laveder,10

r = 0.84+0.054
−0.051 ∆χ2r=1 = 8.7 (2.9σ)
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Gallium data using Frekers et al PLB11
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Sterile neutrinos at the eV scale

Global νe disappearance data
I reactor and gallium anomalies
I reactors at larger baselines

(Chooz, Palo Verde,
DoubleChooz, DayaBay,
RENO, KamLAND)

I νe disappearance constraints
from LSND and KARMEN from
νe +12 C →12 N + e−

Reichenbacher, 05; Conrad,
Shaevitz, 1106.5552

I solar neutrinos

additional constraints:

I DayaBay 2016
(important for low ∆m2

41)
I preliminary results from NEOS

IHEP16, talk by D. Lhuillier
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sin2 2θ = 0.09 , ∆m2 = 1.78 eV2

χ2min = 296.8/328 (64%)
∆χ2no-osc = 12.9/2 (99.8%CL, 3.1σ)
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Sterile neutrinos at the eV scale

νµ → νe hints from LSND

other
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I LSND signal for ν̄µ → ν̄e transitions at the E/L ∼ 1 eV2 scale (3.8σ)
I 2.8σ excess in antineutrinos, consistent with oscillations
I 3.4σ excess in neutrinos, marginally consistent with osc. (p-value 6.1%)
I non-observation of ν̄µ → ν̄e appearance by KARMEN, and others
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Sterile neutrinos at the eV scale

Can we fit everything together?
appearance

Pµe = sin2 2θµe sin2
∆m2

41L
4E sin2 2θµe = 4|Ue4|2|Uµ4|2

disappearance (α = e, µ)

Pαα = 1− sin2 2θαα sin2
∆m2

41L
4E sin2 2θαα = 4|Uα4|2(1− |Uα4|2)

sin2 2θµe ≈
1
4 sin2 2θee sin2 2θµµ

νµ → νe app. signal requires also signal in both, νe and νµ disappearance
(appearance mixing angle quadratically suppressed)
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Sterile neutrinos at the eV scale

Limits on νµ disappearance

I CDHS PLB 1984
I SuperK atmospherics

Bilenky, Giunti, Grimus, TS 99;
Maltoni, TS, Valle 01

I MINOS 1001.0336, 1104.3922
I MiniBooNE νµ(ν̄µ)
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New results available from MINOS and IceCube
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Sterile neutrinos at the eV scale

Can we fit everything together?
tension between appearance and disappearance data
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consistency of appearance vs disappearance χ2PG = 18/2, P ≈ 10−4
Kopp, Machado, Maltoni, Schwetz, 1303.3011
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Sterile neutrinos at the eV scale

Kopp, Machado, Maltoni, Schwetz
[JHEP 1305 (2013) 050]

Our Fit
Update of [Gariazzo, CG, Laveder, Li, Zavanin,

JPG 43 (2016) 033001]
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Best Fit: �m2
41 = 0.93 eV2

|Ue4|2 = 0.023 |Uµ4|2 = 0.029

GoF = 19% (�2
min/NDF = 712/680)

GoFPG = 0.01% (�2
PG/NDF = 18.0/2)

Best Fit: �m2
41 = 1.6 eV2

|Ue4|2 = 0.028 |Uµ4|2 = 0.014

GoF = 6% (�2
min/NDF = 304.0/268)

GoFPG = 0.06% (�2/NDF = 15.0/2)

C. Giunti � Oscillations Beyond Three-Neutrino Mixing � Neutrino 2016 � 5 July 2016 � 15/37
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Sterile neutrinos at the eV scale

New results from MINOS and Daya Bay

talks @ Neutrino16, 1607.01177
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Sterile neutrinos at the eV scale

IceCube results PRL 2016
8

FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the MiniBooNE / LSND 90% CL allowed
region from [12, 13, 21] assuming |Ue4|2= 0.023.
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FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the MiniBooNE / LSND 90% CL allowed
region from [12, 13, 21] assuming |Ue4|2= 0.023.
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Collin, Arguelles, Conrad, Shaevitz, 1607.00011
Supplementary Methods and Tables – S2

SUPPL. FIG. 1: The solid (dashed) line represents the 90%
C.L. IceCube limit when calculated with ✓34 = 0� (✓34 = 15�).
The result of the SBL+IC global fit is overlaid, Red – 90%
CL; blue–99% CL.

analysis from being directly included into the global
fitting software. Instead, the global fits were used to
find a reduced set of parameters (called “parameter-set
points” below) that could be evaluated directly. The
60,000 parameter-set points for the SBL global fits from
Ref. [21], i.e. without IceCube data included, with the
lowest �2 were used. From these every 40th point was
selected. This gave a fine sampling of the global fit near
the minima. Of the remaining ⇡140,000 parameter-set
points that are far from the minima, every 60th was se-
lected. Combining the fine sample and the coarse sample
yields 4,000 points. These 4,000 selected parameter-set
points only explored changes in the values for ✓14 and
✓24. In order to incorporate the IceCube data and e↵ects
of ✓34, ten values of the ✓34 angle were chosen for each pa-
rameter point, resulting in a total of 40,000 parameter-set
points. These points were fed into the IceCube analysis
likelihood and the resulting �2 value, defined by Eq. 8,
was combined with the respective frequentist global fit
�2.

This assumes that the e↵ect of IceCube on the global
fit is a small perturbation. This is reasonable given that
the IceCube-only ��2 is small compared to the SBL only
global fit ��2, as shown in Table I.

WARNING: maybe not as striking as it looks in this plot?
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FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the MiniBooNE / LSND 90% CL allowed
region from [12, 13, 21] assuming |Ue4|2= 0.023.
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SUPPL. FIG. 1: The solid (dashed) line represents the 90%
C.L. IceCube limit when calculated with ✓34 = 0� (✓34 = 15�).
The result of the SBL+IC global fit is overlaid, Red – 90%
CL; blue–99% CL.

analysis from being directly included into the global
fitting software. Instead, the global fits were used to
find a reduced set of parameters (called “parameter-set
points” below) that could be evaluated directly. The
60,000 parameter-set points for the SBL global fits from
Ref. [21], i.e. without IceCube data included, with the
lowest �2 were used. From these every 40th point was
selected. This gave a fine sampling of the global fit near
the minima. Of the remaining ⇡140,000 parameter-set
points that are far from the minima, every 60th was se-
lected. Combining the fine sample and the coarse sample
yields 4,000 points. These 4,000 selected parameter-set
points only explored changes in the values for ✓14 and
✓24. In order to incorporate the IceCube data and e↵ects
of ✓34, ten values of the ✓34 angle were chosen for each pa-
rameter point, resulting in a total of 40,000 parameter-set
points. These points were fed into the IceCube analysis
likelihood and the resulting �2 value, defined by Eq. 8,
was combined with the respective frequentist global fit
�2.

This assumes that the e↵ect of IceCube on the global
fit is a small perturbation. This is reasonable given that
the IceCube-only ��2 is small compared to the SBL only
global fit ��2, as shown in Table I.

WARNING: maybe not as striking as it looks in this plot?
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SBL + IceCube

[Collin, Arguelles, Conrad, Shaevitz, arXiv:1607.00011]

SBL SBL + IceCube

!

Red: 90% CL Blue: 99% CL 4

3+1 ∆m2
41 |Ue4| |Uµ4| |Uτ4| Nbins χ2

min χ2
null ∆χ2 (dof)

SBL 1.75 0.163 0.117 - 315 306.81 359.15 52.34 (3)
SBL+IC 1.75 0.164 0.119 0.00 524 518.59 568.84 50.26 (4)

IC 5.62 - 0.314 - 209 207.11 209.69 2.58 (2)

TABLE I: The oscillation parameter best-fit points for 3 + 1 for the combined SBL and IceCube data sets compared to SBL
alone. Units of ∆m2 are eV2.

∆m2/eV2 |Ue4| |Uµ4| |Uτ4| θ34

6 [0.17,0.21] [0.10,0.13] [0.00,0.05] < 6◦

2 [0.13,0.20] [0.09,0.15] [0.00,0.70] < 80◦

TABLE II: The 90% CL regions for matrix elements and the
upper limit on θ34 for the two allowed regions in ∆m2. For
∆m2 = 1 eV2 there are no allowed regions at 90%CL

limits extends to sin22θ24 ≤ 0.02 at ∆m2 ∼ 0.3 eV2 at
90% CL for θ34 = 0 [29]. To incorporate this result into
the fit, we must relate the mixing angles θ14, θ24, and
θ34 to the short-baseline neutrino oscillation probabili-
ties. The oscillation amplitudes in this parameterization
are found by substituting the matrix elements in Eq. (5)
into Eq. (2); e.g., sin2 2θµe = sin2 2θ14 sin2 θ24. Since the
short baseline anomalies imply sin2 2θµe ̸= 0, it follows
that we cannot assume θ14 = 0 in a global fit.

It has been shown [43] that the presence of the MSW
resonance critically depends on the value of θ34. In par-
ticular, when θ34 is maximal, there is no matter induced
resonant enhancement. On the other hand, as noted by
Ref. [32], increasing θ34 distorts the atmospheric νµ to ντ

neutrino oscillation. The interplay between these effects
makes the IceCube data sensitive to θ34. We obtain the
constraint on this parameter by sampling logarithmically
in sin2(2θ34) from 10−3 to 1. The CP phases have a sub-
leading contribution in comparison to the θ34 effect [32];
thus, they have been set to zero.

We describe the specific techniques of including the
IceCube into the fits in the electronic appendix to this ar-
ticle. In short, the IceCube likelihood must be converted
to a χ2 that can be combined with the SBL data. The
high computational cost of propagating neutrino fluxes
through the Earth with nuSQuIDS prevents the analysis
from being directly included into the global fitting soft-
ware. Instead, the global fits were used to find a reduced
set of parameters (“test points”) that could be evalu-
ated directly. This assumes that the effect of IceCube on
the global fit is a small perturbation, which is reasonable
given that the IceCube-only ∆χ2 is small compared to
the SBL only global fit ∆χ2 (see Table I).

RESULTS

Figs. 1 and 2 show the SBL+IceCube global 3 + 1 fit
result. The former shows ∆m2

41 vs sin2 2θµe, as defined
in Eq. 3. The latter presents the result as a function of
mixing matrix element. The |Uτ4| result is presented on a
linear scale because one test point, the preferred solution,
is |Uτ4| = 0.

The IceCube data excludes the solution at ∼ 1 eV2

at 90% CL, although that solution persists at 99% CL.
This has important implications for future sterile neu-
trino searches, in particular the Fermilab SBN program
where the position of the ICARUS T600 detector was
chosen to align with a large potential signal for 1 eV2

sterile neutrinos [25].
As discussed, the SBL experiments constrain |Ue4| and

|Uµ4|, while the IceCube analysis has strong dependence
on |Uµ4| and |Uτ4| through the MSW resonance. Thus,
including IceCube provides insight into the less explored
|Uτ4| parameter. Using |Uτ4| = cos θ14 cos θ24 sin θ34, we
convert the results to the 90% C.L. ranges in Tab. II. At
∆m2 ∼ 5 eV2, our limit improves the bound of θ34 < 25◦

at 90% C.L. from MINOS [44] by a factor of two.
For the first time, this new result on |Uτ4| allows us to

have a complete picture of the extended lepton mixing
matrix:
|U | =

⎡
⎢⎢⎣

0.79 → 0.83 0.53 → 0.57 0.14 → 0.15 0.13 (0.17) → 0.20 (0.21)
0.25 → 0.50 0.46 → 0.66 0.64 → 0.77 0.09 (0.10) → 0.15 (0.13)
0.26 → 0.54 0.48 → 0.69 0.56 → 0.75 0.0 (0.0) → 0.7 (0.05)

. . . . . . . . . . . .

⎤
⎥⎥⎦.

(6)

Above, “. . . ” represents parameters constrained by the
overall unitarity of the 4 × 4 matrix. The ranges in the
matrix correspond are a 90% confidence interval. The
entries in the last column correspond to this work and
are given for ∆m2 ∼ 2 eV2 (∆m2 ∼ 6 eV2). The inter-
vals shown in each entry for the standard 3×3 submatrix
were obtained from Ref. [36], and are independent of our
fit. As a check of consistency, our values in the fourth
column can be compared with the upper bounds from
the 3 × 3 non-unitarity analysis in Ref. [36], which gave
|Ue4| < 0.27, |Uµ4| < 0.73, and |Uτ4| < 0.623 at 90%CL.
Our results in Eq. 6 are fully compatible with these up-
per limits, which are based on standard 3-neutrino os-
cillation measurements exclusive of any sterile neutrino

C. Giunti � Oscillations Beyond Three-Neutrino Mixing � Neutrino 2016 � 5 July 2016 � 19/37

χ2min(SBL + IC)− χ2min(SBL)− χ2min(IC) = 4.67 (2 dof)
T. Schwetz – IPA16 14
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Non-standard neutrino interactions
Neutrino interactions in the Standard Model:

Hνα
SM = GF√

2
ν̄αγµ(1− γ5)να

∑
f

f̄ γµ(gα,fV − gα,fA γ5)f

assume presence of new physics inducing NSI:

HNSI = GF√
2
ν̄αγµ(1− γ5)νβ

∑
f

f̄ γµεfαβf

I εfαβ parametrizes strength of NSI relative to GF

I restrict to vector-type interactions (matter potential)
I NSI can be non-universal (α = β) or flavour-changing (α 6= β)
I in general not directly related to neutrino mass (dim-6)

but generically expected at some level
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Non-standard neutrino interactions

Generalized matter potential

H = Udiag
(
0, ∆m2

21
2Eν

,
∆m2

31
2Eν

)
U† +

√
2GF Ne(x)

 1+εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ


εαβ =

∑
f =e,u,d

Yf (x)εfαβ

with Yf (x) ≡ Nf (x)/Ne(x)

Nf (x): density of fermion f along the neutrino path

T. Schwetz – IPA16 18



Non-standard neutrino interactions

Limits from oscillation data
90% CL 3�

Param. best-fit LMA LMA � LMA-D LMA LMA � LMA-D

"uee � "uµµ +0.298 [+0.00, +0.51] � [�1.19,�0.81] [�0.09, +0.71] � [�1.40,�0.68]

"u⌧⌧ � "uµµ +0.001 [�0.01, +0.03] [�0.03, +0.03] [�0.03, +0.20] [�0.19, +0.20]

"ueµ �0.021 [�0.09, +0.04] [�0.09, +0.10] [�0.16, +0.11] [�0.16, +0.17]

"ue⌧ +0.021 [�0.14, +0.14] [�0.15, +0.14] [�0.40, +0.30] [�0.40, +0.40]

"uµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"uD �0.140 [�0.24,�0.01] � [+0.40, +0.58] [�0.34, +0.04] � [+0.34, +0.67]

"uN �0.030 [�0.14, +0.13] [�0.15, +0.13] [�0.29, +0.21] [�0.29, +0.21]

"dee � "dµµ +0.310 [+0.02, +0.51] � [�1.17,�1.03] [�0.10, +0.71] � [�1.44,�0.87]

"d⌧⌧ � "dµµ +0.001 [�0.01, +0.03] [�0.01, +0.03] [�0.03, +0.19] [�0.16, +0.19]

"deµ �0.023 [�0.09, +0.04] [�0.09, +0.08] [�0.16, +0.11] [�0.16, +0.17]

"de⌧ +0.023 [�0.13, +0.14] [�0.13, +0.14] [�0.38, +0.29] [�0.38, +0.35]

"dµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"dD �0.145 [�0.25,�0.02] � [+0.49, +0.57] [�0.34, +0.05] � [+0.42, +0.70]

"dN �0.036 [�0.14, +0.12] [�0.14, +0.12] [�0.28, +0.21] [�0.28, +0.21]

Table 1. 90% and 3� allowed ranges for the matter potential parameters "f
↵� for f = u, d as

obtained from the global analysis of oscillation data. The results are obtained after marginalizing

over oscillation and the other matter potential parameters either within the LMA only and within

either LMA or LMA-D subspaces respectively. The numbers quoted are the SNO-poly variant of

the solar analysis. See text for details.

5 Summary

In this article we have quantified our current knowledge of the size and flavor structure of the

matter background e↵ects in the evolution of solar, atmospheric, reactor and LBL neutrinos

based solely on a global analysis of oscillation data. It complements the study in Ref. [54]

where the analysis of the matter potential was perform only considering atmospheric and

LBL neutrinos.

After briefly presenting the most general parametrization of the matter potential and

its connection with non-standard neutrino interactions (NSI), we have focused on the anal-

ysis of solar and KamLAND data. We have found (see Fig. 2) that the fit always prefers

some non-standard value of the matter potential parameters, while the SM potential lies at

a ��2 ⇠ 5–8 depending on the details of the analysis. This is consequence of the fact that

none of the experiments sensitive to 8B neutrinos has provided so far evidence of the low

energy turn-up of the spectrum predicted in the standard LMA MSW solution (see Fig. 3).

We have also found in that the present analysis still allows for two disconnected regions in

the parameter space, the “standard” LMA region and the “dark side” LMA-D (see Fig. 1),

and that the statistical di↵erence between both solutions never exceeds ��2 = 1.4. Al-

though the LMA-D solution requires rather large values of the matter parameters, we have

shown (and latter quantified in Sec. 4) that it is still fully compatible with the bounds from

atmospheric and LBL oscillation data.
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Figure 6. Dependence of the ��2 function for the global analysis of solar, atmospheric, reactor

and LBL data on the NSI parameters "f
↵� for f = u (upper panels) and f = d (lower panels), for

both LMA and LMA-D regions and the two variants of the SNO analysis, as labeled in the figure.

ter potential parameters "fD and "fN relevant in the propagation of solar and KamLAND

neutrinos. In both figures we display separately the results of the marginalization in the

LMA and the LMA-D regions of the parameter space, as well as both the SNO-data and

SNO-poly variants of the solar analysis. From these figures we derive the 90% and 3�

allowed ranges for the NSI parameters implied by the global analysis, which we summarize

in Table 1. The results in this table correspond to the SNO-poly analysis and have been

obtained for real matter potential parameters. As discussed in Sec. 2, in such a case only

the relative sign of the various "f↵ 6=� and the vacuum mixing angles can be determined by

oscillations. Thus strictly speaking once the results are marginalized with respect to all

other parameters in the most general parameter space, the oscillation analysis can only

provide bounds on |"f↵ 6=� |. Still, for the sake of completeness we have decided to retain

in Table 1 the signs of the non-diagonal "f↵ 6=� , which is correct as long as such signs are

understood to be relative vacuum-matter quantities and not intrinsic NSI features.

Neutrino scattering experiments such as CHARM [94, 95], CDHSW [96] and NuTeV [97]

are sensitive to NSI with u and d, and can therefore yield information on "f↵� [98]. In

Ref. [73] it was found that the combination with CHARM scattering results [94, 95] for

f = d substantially lifts the statistical di↵erence between LMA and LMA-D. Although a

rigorous combined analysis of the oscillation results presented here with those from scatter-
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global analysis discussed in the next section (green lines). In order to take into account

the dependence on the neutrino production point, which is of particular relevance in the

presence of non-standard matter potential, we define the average survival probability hPeei
as

hPee(E⌫)i =

P
i �i(E⌫)

R
⇢i(r) Pee(E⌫ , r) drP
i �i(E⌫)

(3.1)

where i = pp, pep, 7Be, 13N, 15O, 17F, 8B and hep labels the neutrino production reaction

and ⇢i(r) is the distribution of production points for the reaction i normalized to 1.

4 Results of global analysis

We now present the results of the global analysis including also atmospheric, LBL and all

other reactor data. The data samples included here are the same as in the NuFIT 1.1

analysis described in Ref. [8]. For atmospheric data we use the Super-Kamiokande results

from phases 1–4 [74], adding the 1097 days of phase 4 to their published data from phases

1–3 [75]. For what concerns long-baseline accelerator experiments, we combine the energy

distribution obtained by MINOS in both ⌫µ (⌫̄⌫) disappearance [76] and ⌫e (⌫̄e) appearance

with 10.7 (3.36) ⇥ 1020 protons on target [77], and T2K ⌫e appearance and ⌫µ disappear-

ance data for phases 1–3 corresponding to 3.01 ⇥ 1020 pot [78]. For oscillation signals at
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ter potential parameters "fD and "fN relevant in the propagation of solar and KamLAND

neutrinos. In both figures we display separately the results of the marginalization in the

LMA and the LMA-D regions of the parameter space, as well as both the SNO-data and

SNO-poly variants of the solar analysis. From these figures we derive the 90% and 3�

allowed ranges for the NSI parameters implied by the global analysis, which we summarize

in Table 1. The results in this table correspond to the SNO-poly analysis and have been

obtained for real matter potential parameters. As discussed in Sec. 2, in such a case only

the relative sign of the various "f↵ 6=� and the vacuum mixing angles can be determined by

oscillations. Thus strictly speaking once the results are marginalized with respect to all

other parameters in the most general parameter space, the oscillation analysis can only

provide bounds on |"f↵ 6=� |. Still, for the sake of completeness we have decided to retain

in Table 1 the signs of the non-diagonal "f↵ 6=� , which is correct as long as such signs are

understood to be relative vacuum-matter quantities and not intrinsic NSI features.

Neutrino scattering experiments such as CHARM [94, 95], CDHSW [96] and NuTeV [97]

are sensitive to NSI with u and d, and can therefore yield information on "f↵� [98]. In

Ref. [73] it was found that the combination with CHARM scattering results [94, 95] for

f = d substantially lifts the statistical di↵erence between LMA and LMA-D. Although a

rigorous combined analysis of the oscillation results presented here with those from scatter-
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I show up in future experiments (affect CP violation measurments)

very large literature – few recent examples
(appologize for ommissions):

Coloma, 1511.06357; deGouvea, Kelly, 1511.05562; Liao, Marfatia, Whisnant,
1601.00927; Forero, Huber, 1601.03736; Bakhti, Farzan, 1602.07099; Masud,
Mehta, 1603.01380; Blennow, Choubey, Ohlsson, Pramanik, Raut, 1606.08851;
Agarwalla, Chatterjee, Palazzo, 1607.01745; Ge, Smirnov, 1607.08513
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

“LMA-dark” solution
Miranda, Tortola, Valle, hep-ph/0406280

90% CL 3�

Param. best-fit LMA LMA � LMA-D LMA LMA � LMA-D

"uee � "uµµ +0.298 [+0.00, +0.51] � [�1.19,�0.81] [�0.09, +0.71] � [�1.40,�0.68]

"u⌧⌧ � "uµµ +0.001 [�0.01, +0.03] [�0.03, +0.03] [�0.03, +0.20] [�0.19, +0.20]

"ueµ �0.021 [�0.09, +0.04] [�0.09, +0.10] [�0.16, +0.11] [�0.16, +0.17]

"ue⌧ +0.021 [�0.14, +0.14] [�0.15, +0.14] [�0.40, +0.30] [�0.40, +0.40]

"uµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"uD �0.140 [�0.24,�0.01] � [+0.40, +0.58] [�0.34, +0.04] � [+0.34, +0.67]

"uN �0.030 [�0.14, +0.13] [�0.15, +0.13] [�0.29, +0.21] [�0.29, +0.21]

"dee � "dµµ +0.310 [+0.02, +0.51] � [�1.17,�1.03] [�0.10, +0.71] � [�1.44,�0.87]

"d⌧⌧ � "dµµ +0.001 [�0.01, +0.03] [�0.01, +0.03] [�0.03, +0.19] [�0.16, +0.19]

"deµ �0.023 [�0.09, +0.04] [�0.09, +0.08] [�0.16, +0.11] [�0.16, +0.17]

"de⌧ +0.023 [�0.13, +0.14] [�0.13, +0.14] [�0.38, +0.29] [�0.38, +0.35]

"dµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"dD �0.145 [�0.25,�0.02] � [+0.49, +0.57] [�0.34, +0.05] � [+0.42, +0.70]

"dN �0.036 [�0.14, +0.12] [�0.14, +0.12] [�0.28, +0.21] [�0.28, +0.21]

Table 1. 90% and 3� allowed ranges for the matter potential parameters "f
↵� for f = u, d as

obtained from the global analysis of oscillation data. The results are obtained after marginalizing

over oscillation and the other matter potential parameters either within the LMA only and within

either LMA or LMA-D subspaces respectively. The numbers quoted are the SNO-poly variant of

the solar analysis. See text for details.

5 Summary

In this article we have quantified our current knowledge of the size and flavor structure of the

matter background e↵ects in the evolution of solar, atmospheric, reactor and LBL neutrinos

based solely on a global analysis of oscillation data. It complements the study in Ref. [54]

where the analysis of the matter potential was perform only considering atmospheric and

LBL neutrinos.

After briefly presenting the most general parametrization of the matter potential and

its connection with non-standard neutrino interactions (NSI), we have focused on the anal-

ysis of solar and KamLAND data. We have found (see Fig. 2) that the fit always prefers

some non-standard value of the matter potential parameters, while the SM potential lies at

a ��2 ⇠ 5–8 depending on the details of the analysis. This is consequence of the fact that

none of the experiments sensitive to 8B neutrinos has provided so far evidence of the low

energy turn-up of the spectrum predicted in the standard LMA MSW solution (see Fig. 3).

We have also found in that the present analysis still allows for two disconnected regions in

the parameter space, the “standard” LMA region and the “dark side” LMA-D (see Fig. 1),

and that the statistical di↵erence between both solutions never exceeds ��2 = 1.4. Al-

though the LMA-D solution requires rather large values of the matter parameters, we have

shown (and latter quantified in Sec. 4) that it is still fully compatible with the bounds from

atmospheric and LBL oscillation data.
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over oscillation and the other matter potential parameters either within the LMA only and within

either LMA or LMA-D subspaces respectively. The numbers quoted are the SNO-poly variant of

the solar analysis. See text for details.

5 Summary

In this article we have quantified our current knowledge of the size and flavor structure of the

matter background e↵ects in the evolution of solar, atmospheric, reactor and LBL neutrinos

based solely on a global analysis of oscillation data. It complements the study in Ref. [54]

where the analysis of the matter potential was perform only considering atmospheric and

LBL neutrinos.

After briefly presenting the most general parametrization of the matter potential and

its connection with non-standard neutrino interactions (NSI), we have focused on the anal-

ysis of solar and KamLAND data. We have found (see Fig. 2) that the fit always prefers

some non-standard value of the matter potential parameters, while the SM potential lies at

a ��2 ⇠ 5–8 depending on the details of the analysis. This is consequence of the fact that

none of the experiments sensitive to 8B neutrinos has provided so far evidence of the low

energy turn-up of the spectrum predicted in the standard LMA MSW solution (see Fig. 3).

We have also found in that the present analysis still allows for two disconnected regions in

the parameter space, the “standard” LMA region and the “dark side” LMA-D (see Fig. 1),

and that the statistical di↵erence between both solutions never exceeds ��2 = 1.4. Al-

though the LMA-D solution requires rather large values of the matter parameters, we have

shown (and latter quantified in Sec. 4) that it is still fully compatible with the bounds from

atmospheric and LBL oscillation data.
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Figure 6. Dependence of the ��2 function for the global analysis of solar, atmospheric, reactor

and LBL data on the NSI parameters "f
↵� for f = u (upper panels) and f = d (lower panels), for

both LMA and LMA-D regions and the two variants of the SNO analysis, as labeled in the figure.

ter potential parameters "fD and "fN relevant in the propagation of solar and KamLAND

neutrinos. In both figures we display separately the results of the marginalization in the

LMA and the LMA-D regions of the parameter space, as well as both the SNO-data and

SNO-poly variants of the solar analysis. From these figures we derive the 90% and 3�

allowed ranges for the NSI parameters implied by the global analysis, which we summarize

in Table 1. The results in this table correspond to the SNO-poly analysis and have been

obtained for real matter potential parameters. As discussed in Sec. 2, in such a case only

the relative sign of the various "f↵ 6=� and the vacuum mixing angles can be determined by

oscillations. Thus strictly speaking once the results are marginalized with respect to all

other parameters in the most general parameter space, the oscillation analysis can only

provide bounds on |"f↵ 6=� |. Still, for the sake of completeness we have decided to retain

in Table 1 the signs of the non-diagonal "f↵ 6=� , which is correct as long as such signs are

understood to be relative vacuum-matter quantities and not intrinsic NSI features.

Neutrino scattering experiments such as CHARM [94, 95], CDHSW [96] and NuTeV [97]

are sensitive to NSI with u and d, and can therefore yield information on "f↵� [98]. In

Ref. [73] it was found that the combination with CHARM scattering results [94, 95] for

f = d substantially lifts the statistical di↵erence between LMA and LMA-D. Although a

rigorous combined analysis of the oscillation results presented here with those from scatter-
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Figure 5. Two-dimensional projections of the 90%, 95%, 99% and 3� CL (2 dof) allowed regions

of the oscillation parameters for f = u and the SNO-poly variant of the solar analysis, after

marginalizing over the matter potential parameters and the undisplayed oscillation parameters.

The full regions and the star correspond to the global analysis including NSI, while the black-

contour void regions and the triangle correspond to the analysis with the usual SM potential. The

green and red dotted areas show the 90% and 3� CL allowed regions from partial analyses where

the e↵ects of the non-standard matter potential have been neglected either in the solar+KamLAND

(green) or in the atmospheric+LBL (red) sectors.

NSI with quarks (f = u, d) this degeneracy is lifted once the solar data are also included

in the analysis, as discussed in Sec. 2.2. Thus the colored regions are not exactly identical

for both orderings, although with present data the asymmetry is still minimal.

In Fig. 6 we plot the dependence of the ��2 function for the global analysis on the NSI

parameters "f↵� , after marginalizing over the undisplayed oscillation and matter potential

parameters. Similarly, in Fig. 7 we show the present determination on the e↵ective mat-
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Non-standard neutrino interactions LMA-dark and the mass ordering determination
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I neutrino evolution is identical under H → −H∗ (CPT invariance)
I in vaccum this can be realised by

∆m2
31 → −∆m2

32 , sin θ12 ↔ cos θ12 , δ → π − δ
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

H = Udiag
(
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)
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√
2GF Ne , 0, 0)

standard matter effect breaks the H → −H∗ symmetry:
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy
Coloma, Schwetz, 1604.05772

[see also Gonzalez-Garcia, Maltoni, Salvado, 1103.4365;
Gonzalez-Garcia, Maltoni, 1307.3092; Bakhti, Farzan, 1403.0744]

H = Udiag
(
0, ∆m2

21
2Eν

,
∆m2

31
2Eν

)
U† +

√
2GF Ne(x)

 1+εee εeµ εeτ
ε∗eµ εµµ εµτ
ε∗eτ ε∗µτ εττ


NSI can restore the H → −H∗ symmetry by

∆m2
31 → −∆m2

32 , sin θ12 ↔ cos θ12 , δ → π − δ

⊕

εee → −εee − 2 , εαβ → −ε∗αβ (αβ 6= ee)
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy

εee → −εee − 2 , εαβ → −ε∗αβ (αβ 6= ee)

I in presence of NSI no
oscillation experiment
can exclude a flipped
neutrino mass spectrum

I determination of mass
ordering becomes
impossible!
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy

εee → −εee − 2 , εαβ → −ε∗αβ (αβ 6= ee)

I εαβ =
∑

f =u,d Yf (x)εfαβ with Yf (x) ≡ Nf (x)/Ne(x)

I for εuαβ = −2εdαβ NSI happen only on protons →
effects become independent of the matter composition

I Ex.: for εuee = −4/3, εdee = 2/3 we get εee = −2 for any matter
composition → degenerate with no NSI
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Need data on NC-like νe scattering

I need bounds on νe/ντ,µ
neutral-current universality from
non-oscillation experiments

I historical data CHARM-II, 1986
constrain part of parameter space

I degeneracy remains approximately
I CHARM constraint is

model-dependent
I progress expected from exps looking

for coherent neutrino–nucleus
scattering talk by K. Scholberg

Coloma, Schwetz, 1604.05772
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy...

I requires εqee of order one (NSI comparable to weak interaction):

g2

Λ2 ∼ GF

I g ∼ 1, Λ & mW strongly constrained (LHC,LFV,...)
I alternative: g � 1, MeV & Λ� mW

I consistent gauge models for εqee ∼ 1 exist
Farzan, 2015; Farzan, Shoemaker, 2015
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Conclusions

Conclusions

I eV-scale sterile neutrinos
I no satisfactory fit of global data (app/disapp tension)
I no signs for steriles in new results →

not conclusive yet but hints are getting more and more squeezed ...

I non-standard neutrino interactions
I weak hint (2σ) from solar neutrino spectrum
I possible manifestation of new physics in the lepton sector
I LMA-dark: still allowed O(1) perturbation of neutrino sector
I requires εee ' 1
I implies generalized mass ordering degeneracy

impossible to resolve by oscillations → scattering experiments (νe NC)

Thank you for your attention!
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