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The 3-flavour paradigm

INVERTEDNORMAL

[m
as
s]
2

3ν

ν2
ν1

ν2
ν1

ν3

νe

µν

ντ

•3 masses: Δm221 , Δm231, m0

•3 mixing angles θ12 θ13 θ23

•3 phases (1 Dirac, 2 Majorana)



T. Schwetz @ Colloquium Prague 20193

INVERTEDNORMAL

[m
as
s]
2

3ν

ν2
ν1

ν2
ν1

ν3

νe

µν

ντ

•3 masses: Δm221 , Δm231, m0

•3 mixing angles θ12 θ13 θ23

•3 phases (1 Dirac, 2 Majorana)

neutrino
oscillations

The 3-flavour paradigm



T. Schwetz @ Colloquium Prague 20194

•3 masses: Δm221 , Δm231, m0

•3 mixing angles θ12 θ13 θ23

•3 phases (1 Dirac, 2 Majorana)

neutrino
oscillations

The 3-flavour paradigm

•each parameter determined by  
several (classes of) experiments

• especially true for not-so-well determined parameters 
(θ23, MO, Dirac-phase)

• interplay of different data sets → global analyses
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NuFit 4.1 (2019)

•http://www.nu-fit.org

•data available till July 2019

• full list of data see  
http://www.nu-fit.org/sites/default/files/v41.release-notes.pdf

•T2K: 14.93e20 pot neutrino, 17e20 pot antineutrino  
NOvA: 8.85e20 pot neutrino, 12.33e20 pot antineutrino

I. Esteban, C. Gonzalez-Garcia,  A. Hernandez, M. Maltoni, TS,  
arXiv:1811.05487,  JHEP 19

global fits from Bari (Fogli, Lisi et al) and Valencia (Tortola, Valle et al) groups with similar results

http://www.nu-fit.org
http://www.nu-fit.org/sites/default/files/v40.release-notes.pdf
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well-determined parameters
relat. precision at 1σ:

2.2% (✓12) 1.5% (✓13)

2.8% (�m2
21) 1.2%(|�m2

3`|)
<latexit sha1_base64="pHRxlvWI5AuFhVqYvRTWSFq0mAk="></latexit>



T. Schwetz @ Colloquium Prague 20198

Atmospheric parameters

prior on θ13 imposed
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not-so-well determined
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CP phase

Determination of θ23

Mass ordering
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LBL disappearance results

2σ contours, normal ordering, prior on θ13 imposed

★

★

0.2 0.25 0.3 0.35 0.4

sin
2
θ

12

0

2

4

6

8

10

12

14

∆
m

2 2
1
 [
1
0

−
5
 e

V
2
]

sin
2
θ

13
 = 0.0224

2 4 6 8 10

∆m
2

21
 [10

−5
 eV

2
]

0

2

4

6

8

10

12

∆
χ

2

GS98 w/o D/N from SK
GS98
AGSS09
KamLAND

NuFIT 4.0 (2018)

Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the

second octant for ✓23 emerges.

3.2.1 Disappearance results and non-maximal ✓23

We focus first on LBL disappearance data. The ⌫µ survival probability is given to good

accuracy by [42, 43]

Pµµ ⇡ 1� sin2 2✓µµ sin
2 �m2

µµL

4E⌫
, (3.2)

where L is the baseline, E⌫ is the neutrino energy, and

sin2 ✓µµ = cos2 ✓13 sin
2 ✓23 , (3.3)

�m2
µµ = sin2 ✓12�m2

31 + cos2 ✓12�m2
32 + cos �CP sin ✓13 sin 2✓12 tan ✓23�m2

21 . (3.4)
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the
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LBL disappearance results

2σ contours, normal ordering, prior on θ13 imposed
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Figure 6. LBL accelerator ⌫µ disappearance data only, from MINOS, T2K, and NOvA, sepa-
rated into neutrino and anti-neutrino data. Left panels correspond to LBL accelerator data with
constraint on ✓13 from the global fit (which is dominated by the MBL reactor data) imposed as
a Gaussian bias. In the right panels LBL data are consistently combined with MBL reactor data
from Daya Bay, RENO, and Double Chooz. Upper panels show the ��2 as a function of sin2 ✓23,
lower panels show confidence regions at 2� (2 dof). All panels assume NO and �m2

21, sin
2 ✓12 are

fixed to the global best fit values. Qualitatively similar behaviour is found in IO.

In the lower-left panel of fig. 6 we observe in addition a correlation between sin2 ✓23
and �m2

31 for the data which prefer non-maximal mixing: larger values of �m2
31 imply

more deviation from maximal mixing. As visible in fig. 5, also MBL reactor data provide

an accurate determination of �m2
3`, which, however, pushes slightly to larger values than

LBL data. Because of the above mentioned correlation, this leads to an even stronger

preference for non-maximal mixing, once LBL data are consistently combined with reactor

data, as visible in the right panels of fig. 6: in combination with reactors, MINOS neutrino

and NOvA anti-neutrino data disfavour maximal mixing with ��2 ⇡ 7 and 9, respectively.

– 12 –

NOvA anti-nu update 6.9 → 12.3 pot
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LBL disappearance results
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the

second octant for ✓23 emerges.

3.2.1 Disappearance results and non-maximal ✓23

We focus first on LBL disappearance data. The ⌫µ survival probability is given to good

accuracy by [42, 43]

Pµµ ⇡ 1� sin2 2✓µµ sin
2 �m2

µµL

4E⌫
, (3.2)

where L is the baseline, E⌫ is the neutrino energy, and

sin2 ✓µµ = cos2 ✓13 sin
2 ✓23 , (3.3)

�m2
µµ = sin2 ✓12�m2

31 + cos2 ✓12�m2
32 + cos �CP sin ✓13 sin 2✓12 tan ✓23�m2

21 . (3.4)
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the

second octant for ✓23 emerges.

3.2.1 Disappearance results and non-maximal ✓23

We focus first on LBL disappearance data. The ⌫µ survival probability is given to good

accuracy by [42, 43]

Pµµ ⇡ 1� sin2 2✓µµ sin
2 �m2

µµL

4E⌫
, (3.2)

where L is the baseline, E⌫ is the neutrino energy, and

sin2 ✓µµ = cos2 ✓13 sin
2 ✓23 , (3.3)

�m2
µµ = sin2 ✓12�m2

31 + cos2 ✓12�m2
32 + cos �CP sin ✓13 sin 2✓12 tan ✓23�m2

21 . (3.4)
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the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.
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FIG. 1. From left to right, the reconstructed neutrino energy spectra for the ND ⌫µ CC, ND ⌫e CC, FD ⌫µ CC, FD ⌫e CC [60]
with neutrino beam on the top and antineutrino beam on the bottom. For the ND ⌫µ CC spectra, backgrounds aside from
wrong-sign are negligible and not shown. The ⌫e CC spectra are split into a low and high purity sample, and the FD spectra
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TABLE III. Event counts at the FD, both observed and pre-
dicted at the best fit point (see Table IV).

Neutrino beam Antineutrino beam
⌫µ CC ⌫e CC ⌫̄µ CC ⌫̄e CC

⌫µ ! ⌫µ 112.5 0.7 24.0 0.1
⌫̄µ ! ⌫̄µ 7.2 0.0 70.0 0.1
⌫µ ! ⌫e 0.1 44.3 0.0 2.2
⌫̄µ ! ⌫̄e 0.0 0.6 0.0 16.6
Beam ⌫e + ⌫̄e 0.0 7.0 0.0 5.3
NC 1.3 3.1 0.8 1.2
Cosmic 2.1 3.3 0.8 1.1
Others 0.7 0.4 0.6 0.3

Signal 120+10
�12 44.3+3.5

�4.0 93.9+8.1
�8.2 16.6+0.9

�1.0

Background 4.2+0.5
�0.6 15.0+0.8

�0.9 2.2+0.4
�0.4 10.3+0.6

�0.5

Best fit 124 59.3 96.2 26.8
Observed 113 58 102 27

counts and estimated compositions of the selected sam-
ples. We recorded 102 ⌫̄µ candidate events at the FD,
reflecting a significant suppression from the unoscillated
expectation of 476. We find 27 ⌫̄µ ! ⌫̄e candidate events
with an estimated background of 10.3+0.6

�0.5, a 4.4� excess
over the predicted background. This observation is the
first evidence of ⌫̄e appearance in a ⌫̄µ beam over a long
baseline. These new antineutrino data are analyzed to-
gether with 113 ⌫µ and 58 ⌫µ ! ⌫e candidates from the
previous data set.

Table IV shows the overall best-fit parameters, as well
as the best fits for each choice of ✓23 octant and hierar-
chy. The best-fit point is found for the normal hierarchy
with ✓23 in the upper octant where �2 lnL = 157.1 for

TABLE IV. Summary of oscillation parameters. The top
three are inputs to this analysis [10], while the rest are the
best fits for di↵erent choices of the mass hierarchy (NH, IH)
and ✓23 octant (UO, LO), along with the significance (in units
of �) at which those combinations are disfavored. In addition
to the region indicated, for NH, LO a small range of sin2 ✓23
0.45� 0.48 is allowed at 1� [61].

�m2
21/(10

�5 eV2/c4) 7.53± 0.18
sin2 ✓12 0.307+0.013

�0.012

sin2 ✓13 0.0210± 0.0011
NH, UO NH, LO IH, UO IH, LO

�m2
32/(10

�3 eV2/c4) +2.48+0.11
�0.06 +2.47 �2.54 �2.53

sin2 ✓23 0.56+0.04
�0.03 0.48 0.56 0.47

�CP/⇡ 0.0+1.3
�0.4 1.9 1.5 1.4
- +1.6� +1.8� +2.0�

175 degrees of freedom (goodness-of-fit p = 0.91 from
simulated experiments). The measured values of ✓23 and
�m2

32 are consistent with the previous NOvA measure-
ment [21] that used only neutrino data, and are consistent
with maximal mixing within 1.2�.

Confidence intervals for the oscillation parameters are
determined using the unified approach [65], as detailed
in Ref. [66]. Figure 2 compares the 90% confidence level
contours in �m2

32 and sin2 ✓23 with those of other other
experiments [19, 20, 62, 63]. Figure 3 shows the allowed
regions in sin2 ✓23 and �CP. These results exclude most
values near �CP = ⇡/2 in the inverted mass hierarchy by
more than 3�; specifically the intervals between �0.04
to 0.97⇡ in the lower ✓23 octant and 0.04 to 0.91⇡ in
the upper octant. The data prefer the normal hierarchy

NOvA 2019 update 1906.04907

12.3 pot

6.9 pot
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LBL appearance data

3.2.2 Appearance results, second ✓23 octant and �CP

The preference for the second octant of ✓23 is driven by ⌫µ ! ⌫e appearance channel in

LBL experiments (available both for neutrinos and anti-neutrinos). Following Ref. [32],

the appearance probability can be approximated by

P⌫µ!⌫e ⇡ 4s213s
2
23(1 + 2oA)� C sin �CP(1 + oA) , (3.5)

P⌫̄µ!⌫̄e ⇡ 4s213s
2
23(1� 2oA) + C sin �CP(1� oA) . (3.6)

with

C ⌘ �m2
21L

4E⌫
sin 2✓12 sin 2✓13 sin 2✓23 , o ⌘ sgn(�m2

3`) , A ⌘
����
2E⌫V

�m2
3`

���� , (3.7)

where V is the e↵ective matter potential. In the above equations we have expanded

in the small parameters s13, �m2
21L/E⌫ , and A, and used that for T2K and NOvA

|�m2
3`|L/4E⌫ ⇡ ⇡/2.2 Using the respective mean neutrino energies we find A ⇡ 0.05

for T2K and an empirical value of A = 0.1 (for which this approximation works better) at

NOvA. Correspondingly the number of observed appearance events in T2K and NOvA is

approximately proportional to the oscillation probability:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.8)

N⌫̄e ⇡ N⌫̄
⇥
2s223(1� 2oA) + C 0 sin �CP(1� oA)

⇤
. (3.9)

Taking all the well-determined parameters ✓13, ✓12, �m2
21, |�m2

3`| at their global best fit

points, we obtain numerically C 0 ⇡ 0.28. The normalization constants N⌫,⌫̄ calculated

from our re-analysis of T2K and NOvA are given for the various appearance samples in

table 2. Those values can be compared with the background subtracted observed number

of events, which we also report in the table. Within this approximation, there are only

the two parameters s223 and sin �CP, plus the discrete parameter o = ±1 encoding the

mass ordering, to fit the appearance event numbers shown in table 2, with sin2 ✓23 being

constrained in addition from disappearance data. Note that C 0 depends only on sin 2✓23,

which varies by less than 2% for 0.42 < s223 < 0.64, and can be taken as constant for our

purposes. The general trends from eqs. (3.8) and (3.9) are the following:

• Both neutrino and anti-neutrino events are enhanced by increasing s223.

• Values of sin �CP ' +1 (�1) suppress (increase) neutrino events, and have the oppo-

site e↵ect for anti-neutrino events.

• For NO (IO) neutrino events are enhanced (suppressed) due to the matter e↵ect,

whereas anti-neutrino events are suppressed (enhanced).

• For NO (IO) the matter e↵ect increases (decreases) the impact of �CP for neutrinos,

while the opposite happens for anti-neutrinos.

2Expanding in the matter potential parameter A is a very good approximation for T2K, but not so good

for NOvA. However, the qualitative behaviour is still captured by the above expressions also for NOvA,

which su�ces for our discussion here.
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T2K CCQE (⌫) T2K CC1⇡ (⌫) T2K CCQE (⌫̄) NOvA (⌫) NOvA (⌫̄)

N 40 3.8 11 34 11

Nobs 75 15 9 58 18

Nobs �Nbck 61.4 13.6 6.1 43.6 13.8

Table 2. Normalization coe�cients N⌫ and N⌫̄ for eqs. (3.8) and (3.9) for approximations used to
qualitatively describe the various appearance event samples used in our analysis for T2K and NOvA.
We also give the observed number of events, as well as the corresponding background subtracted
event numbers, as reported in Refs. [44, 45]

The last two items are more important for NOvA than for T2K, due to larger matter e↵ects

in NOvA because of the longer baseline.

In fig. 7, the determination of s223 from LBL data (including appearance) combined

with reactor data is shown. In the upper panels only ✓13 is constrained by reactor data,

whereas in the lower panels LBL and reactor data are combined consistently, including also

�m2
3` information. For the reasons explained above, lower panels show larger significance

of non-maximality, but now the symmetry between the octants is broken by appearance

data. Fig. 8 shows the ��2 dependence on �CP for various data samples.

Let us consider first the T2K samples. We see from table 2 that in both neutrino

samples (especially CC1⇡) the observed number of events after background subtraction is

large compared to N⌫ , while the anti-neutrino number is low. Hence, we need to maximize

the expression in eq. (3.8) and minimize eq. (3.9). Since neutrino data dominates over anti-

neutrinos, a slight preference for s223 > 0.5 appears (constrained by disappearance data),

while at the same time sin �CP ⇡ �1 serves to maximize (minimize) neutrino (anti-neutrino)

appearance, as visible in fig. 8.

For NOvA neutrino data, the coe�cient N⌫ in eq. (3.8) is also somewhat low compared

to the observed number of events minus background. For NO, the matter e↵ect enhances

neutrino events, and therefore, s223 (around maximal mixing favoured in disappearance)

and �CP can be adjusted, such that the event numbers can always be fitted, so ��2(�CP)

from NOvA neutrino data alone is < 1 for NO, cf. fig. 8. For IO, however, the matter e↵ect

suppresses neutrino events, and therefore, preference for the second octant and sin �CP ⇡
�1 appears to maximize the term in the square-bracket in eq. (3.8). For NOvA anti-

neutrino data, table 2 shows that the observed event number is of the order of N⌫̄ (only

slightly higher). Consequently we observe for NO only a very mild preference for sin �CP ⇡ 1

just to enhance slightly the rate of anti-neutrinos. For IO, the matter e↵ect enhances

anti-neutrinos, and therefore, choosing the combinations (first ✓23 octant/sin �CP ⇡ 1) or

(second ✓23 octant/sin �CP ⇡ �1) can fit the events, which leads to negligible ��2(�CP)

dependence for IO NOvA anti-neutrinos, cf. fig. 8. The combination of those e↵ects for

NO, leads to a disfavouring of sin �CP ⇡ �1 with ��2 ⇡ 3.5 from NOvA, somewhat

in contradiction of the T2K preferred region: with the non-maximality of ✓23 from anti-

neutrinos plus the matter enhancement for neutrinos, sin �CP ⇡ �1 would predict too many

neutrino events, and is therefore disfavoured.

The conclusion of those considerations lead to the preference of the second octant for

✓23 in the global analysis, as well as pushing the confidence interval for �CP towards 180�,
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constrained in addition from disappearance data. Note that C 0 depends only on sin 2✓23,

which varies by less than 2% for 0.42 < s223 < 0.64, and can be taken as constant for our

purposes. The general trends from eqs. (3.8) and (3.9) are the following:

• Both neutrino and anti-neutrino events are enhanced by increasing s223.

• Values of sin �CP ' +1 (�1) suppress (increase) neutrino events, and have the oppo-

site e↵ect for anti-neutrino events.

• For NO (IO) neutrino events are enhanced (suppressed) due to the matter e↵ect,

whereas anti-neutrino events are suppressed (enhanced).

• For NO (IO) the matter e↵ect increases (decreases) the impact of �CP for neutrinos,

while the opposite happens for anti-neutrinos.

2Expanding in the matter potential parameter A is a very good approximation for T2K, but not so good

for NOvA. However, the qualitative behaviour is still captured by the above expressions also for NOvA,

which su�ces for our discussion here.
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T2K CCQE (⌫) T2K CC1⇡ (⌫) T2K CCQE (⌫̄) NOvA (⌫) NOvA (⌫̄)

N 40 3.8 11 34 11

Nobs 75 15 9 58 18

Nobs �Nbck 61.4 13.6 6.1 43.6 13.8

Table 2. Normalization coe�cients N⌫ and N⌫̄ for eqs. (3.8) and (3.9) for approximations used to
qualitatively describe the various appearance event samples used in our analysis for T2K and NOvA.
We also give the observed number of events, as well as the corresponding background subtracted
event numbers, as reported in Refs. [44, 45]

The last two items are more important for NOvA than for T2K, due to larger matter e↵ects

in NOvA because of the longer baseline.

In fig. 7, the determination of s223 from LBL data (including appearance) combined

with reactor data is shown. In the upper panels only ✓13 is constrained by reactor data,

whereas in the lower panels LBL and reactor data are combined consistently, including also

�m2
3` information. For the reasons explained above, lower panels show larger significance

of non-maximality, but now the symmetry between the octants is broken by appearance

data. Fig. 8 shows the ��2 dependence on �CP for various data samples.

Let us consider first the T2K samples. We see from table 2 that in both neutrino

samples (especially CC1⇡) the observed number of events after background subtraction is

large compared to N⌫ , while the anti-neutrino number is low. Hence, we need to maximize

the expression in eq. (3.8) and minimize eq. (3.9). Since neutrino data dominates over anti-

neutrinos, a slight preference for s223 > 0.5 appears (constrained by disappearance data),

while at the same time sin �CP ⇡ �1 serves to maximize (minimize) neutrino (anti-neutrino)

appearance, as visible in fig. 8.

For NOvA neutrino data, the coe�cient N⌫ in eq. (3.8) is also somewhat low compared

to the observed number of events minus background. For NO, the matter e↵ect enhances

neutrino events, and therefore, s223 (around maximal mixing favoured in disappearance)

and �CP can be adjusted, such that the event numbers can always be fitted, so ��2(�CP)

from NOvA neutrino data alone is < 1 for NO, cf. fig. 8. For IO, however, the matter e↵ect

suppresses neutrino events, and therefore, preference for the second octant and sin �CP ⇡
�1 appears to maximize the term in the square-bracket in eq. (3.8). For NOvA anti-

neutrino data, table 2 shows that the observed event number is of the order of N⌫̄ (only

slightly higher). Consequently we observe for NO only a very mild preference for sin �CP ⇡ 1

just to enhance slightly the rate of anti-neutrinos. For IO, the matter e↵ect enhances

anti-neutrinos, and therefore, choosing the combinations (first ✓23 octant/sin �CP ⇡ 1) or

(second ✓23 octant/sin �CP ⇡ �1) can fit the events, which leads to negligible ��2(�CP)

dependence for IO NOvA anti-neutrinos, cf. fig. 8. The combination of those e↵ects for

NO, leads to a disfavouring of sin �CP ⇡ �1 with ��2 ⇡ 3.5 from NOvA, somewhat

in contradiction of the T2K preferred region: with the non-maximality of ✓23 from anti-

neutrinos plus the matter enhancement for neutrinos, sin �CP ⇡ �1 would predict too many

neutrino events, and is therefore disfavoured.

The conclusion of those considerations lead to the preference of the second octant for

✓23 in the global analysis, as well as pushing the confidence interval for �CP towards 180�,
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3.2.2 Appearance results, second ✓23 octant and �CP

The preference for the second octant of ✓23 is driven by ⌫µ ! ⌫e appearance channel in

LBL experiments (available both for neutrinos and anti-neutrinos). Following Ref. [32],

the appearance probability can be approximated by

P⌫µ!⌫e ⇡ 4s213s
2
23(1 + 2oA)� C sin �CP(1 + oA) , (3.5)

P⌫̄µ!⌫̄e ⇡ 4s213s
2
23(1� 2oA) + C sin �CP(1� oA) . (3.6)

with
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21L

4E⌫
sin 2✓12 sin 2✓13 sin 2✓23 , o ⌘ sgn(�m2

3`) , A ⌘
����
2E⌫V

�m2
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where V is the e↵ective matter potential. In the above equations we have expanded

in the small parameters s13, �m2
21L/E⌫ , and A, and used that for T2K and NOvA

|�m2
3`|L/4E⌫ ⇡ ⇡/2.2 Using the respective mean neutrino energies we find A ⇡ 0.05

for T2K and an empirical value of A = 0.1 (for which this approximation works better) at

NOvA. Correspondingly the number of observed appearance events in T2K and NOvA is

approximately proportional to the oscillation probability:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.8)

N⌫̄e ⇡ N⌫̄
⇥
2s223(1� 2oA) + C 0 sin �CP(1� oA)

⇤
. (3.9)

Taking all the well-determined parameters ✓13, ✓12, �m2
21, |�m2

3`| at their global best fit

points, we obtain numerically C 0 ⇡ 0.28. The normalization constants N⌫,⌫̄ calculated

from our re-analysis of T2K and NOvA are given for the various appearance samples in

table 2. Those values can be compared with the background subtracted observed number

of events, which we also report in the table. Within this approximation, there are only

the two parameters s223 and sin �CP, plus the discrete parameter o = ±1 encoding the

mass ordering, to fit the appearance event numbers shown in table 2, with sin2 ✓23 being

constrained in addition from disappearance data. Note that C 0 depends only on sin 2✓23,

which varies by less than 2% for 0.42 < s223 < 0.64, and can be taken as constant for our

purposes. The general trends from eqs. (3.8) and (3.9) are the following:

• Both neutrino and anti-neutrino events are enhanced by increasing s223.

• Values of sin �CP ' +1 (�1) suppress (increase) neutrino events, and have the oppo-

site e↵ect for anti-neutrino events.

• For NO (IO) neutrino events are enhanced (suppressed) due to the matter e↵ect,

whereas anti-neutrino events are suppressed (enhanced).

• For NO (IO) the matter e↵ect increases (decreases) the impact of �CP for neutrinos,

while the opposite happens for anti-neutrinos.

2Expanding in the matter potential parameter A is a very good approximation for T2K, but not so good

for NOvA. However, the qualitative behaviour is still captured by the above expressions also for NOvA,

which su�ces for our discussion here.
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θ23 octant — summary

•preference for second octant, bf at sin2θ23 = 0.56  
sin2θ23 < 0.5 disfavoured with Δ𝝌2 ≈ 1.8 (3.0) without (with) SK atm

•2nd octant is good news for MO sensitivity of atm. and LBL experiments

• hints for 2nd octant decreased with recent update
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Figure 1. Global 3⌫ oscillation analysis. We show ��2 profiles minimized with respect to all
undisplayed parameters. The red (blue) curves correspond to Normal (Inverted) Ordering. Solid
(dashed) curves are without (with) adding the tabulated SK-atm ��2. Note that as atmospheric
mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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θ23 octant — impact of recent data

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

0

5

10

15

∆
χ

2

6.5 7 7.5 8 8.5

∆m
2

21
 [10

-5
 eV

2
]

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

0

5

10

15

∆
χ

2

-2.8 -2.6 -2.4 -2.2

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.2 2.4 2.6 2.8

0.015 0.02 0.025 0.03

sin
2

θ
13

0

5

10

15

∆
χ

2

0 90 180 270 360

δ
CP

NO

IO

NuFIT 3.0 (2016)

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

0

5

10

15

∆
χ

2

6.5 7 7.5 8 8.5

∆m
2

21
 [10

-5
 eV

2
]

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

0

5

10

15

∆
χ

2

-2.8 -2.6 -2.4 -2.2

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.2 2.4 2.6 2.8

0.015 0.02 0.025 0.03

sin
2

θ
13

0

5

10

15

∆
χ

2

0 90 180 270 360

δ
CP

NO

IO

NuFIT 3.0 (2016)

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

0

5

10

15

∆
χ

2

6.5 7 7.5 8 8.5

∆m
2

21
 [10

-5
 eV

2
]

0.4 0.45 0.5 0.55 0.6 0.65

sin
2

θ
23

0

5

10

15

∆
χ

2

-2.6 -2.5 -2.4

∆m
2

32
   [10

-3
 eV

2
]   ∆m

2

31

2.4 2.5 2.6

0.018 0.02 0.022 0.024 0.026

sin
2

θ
13

0

5

10

15

∆
χ

2

0 90 180 270 360

δ
CP

NO, IO (w/o SK)
NO, IO (with SK)

NuFIT 4.0 (2018)

Figure 1. Global 3⌫ oscillation analysis. We show ��2 profiles minimized with respect to all
undisplayed parameters. The red (blue) curves correspond to Normal (Inverted) Ordering. Solid
(dashed) curves are without (with) adding the tabulated SK-atm ��2. Note that as atmospheric
mass-squared splitting we use �m2

31 for NO and �m2
32 for IO.
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•preference for second octant, bf at sin2θ23 = 0.56  
sin2θ23 < 0.5 disfavoured with Δ𝝌2 ≈ 1.8 (3.0) without (with) SK atm

•2nd octant is good news for MO sensitivity of atm. and LBL experiments

• hints for 2nd octant decreased with recent update
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3.2.2 Appearance results, second ✓23 octant and �CP

The preference for the second octant of ✓23 is driven by ⌫µ ! ⌫e appearance channel in

LBL experiments (available both for neutrinos and anti-neutrinos). Following Ref. [32],

the appearance probability can be approximated by

P⌫µ!⌫e ⇡ 4s213s
2
23(1 + 2oA)� C sin �CP(1 + oA) , (3.5)

P⌫̄µ!⌫̄e ⇡ 4s213s
2
23(1� 2oA) + C sin �CP(1� oA) . (3.6)

with

C ⌘ �m2
21L

4E⌫
sin 2✓12 sin 2✓13 sin 2✓23 , o ⌘ sgn(�m2

3`) , A ⌘
����
2E⌫V

�m2
3`

���� , (3.7)

where V is the e↵ective matter potential. In the above equations we have expanded

in the small parameters s13, �m2
21L/E⌫ , and A, and used that for T2K and NOvA

|�m2
3`|L/4E⌫ ⇡ ⇡/2.2 Using the respective mean neutrino energies we find A ⇡ 0.05

for T2K and an empirical value of A = 0.1 (for which this approximation works better) at

NOvA. Correspondingly the number of observed appearance events in T2K and NOvA is

approximately proportional to the oscillation probability:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.8)

N⌫̄e ⇡ N⌫̄
⇥
2s223(1� 2oA) + C 0 sin �CP(1� oA)

⇤
. (3.9)

Taking all the well-determined parameters ✓13, ✓12, �m2
21, |�m2

3`| at their global best fit

points, we obtain numerically C 0 ⇡ 0.28. The normalization constants N⌫,⌫̄ calculated

from our re-analysis of T2K and NOvA are given for the various appearance samples in

table 2. Those values can be compared with the background subtracted observed number

of events, which we also report in the table. Within this approximation, there are only

the two parameters s223 and sin �CP, plus the discrete parameter o = ±1 encoding the

mass ordering, to fit the appearance event numbers shown in table 2, with sin2 ✓23 being

constrained in addition from disappearance data. Note that C 0 depends only on sin 2✓23,

which varies by less than 2% for 0.42 < s223 < 0.64, and can be taken as constant for our

purposes. The general trends from eqs. (3.8) and (3.9) are the following:

• Both neutrino and anti-neutrino events are enhanced by increasing s223.

• Values of sin �CP ' +1 (�1) suppress (increase) neutrino events, and have the oppo-

site e↵ect for anti-neutrino events.

• For NO (IO) neutrino events are enhanced (suppressed) due to the matter e↵ect,

whereas anti-neutrino events are suppressed (enhanced).

• For NO (IO) the matter e↵ect increases (decreases) the impact of �CP for neutrinos,

while the opposite happens for anti-neutrinos.

2Expanding in the matter potential parameter A is a very good approximation for T2K, but not so good

for NOvA. However, the qualitative behaviour is still captured by the above expressions also for NOvA,

which su�ces for our discussion here.
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T2K CCQE (⌫) T2K CC1⇡ (⌫) T2K CCQE (⌫̄) NOvA (⌫) NOvA (⌫̄)

N 40 3.8 11 34 11

Nobs 75 15 9 58 18

Nobs �Nbck 61.4 13.6 6.1 43.6 13.8

Table 2. Normalization coe�cients N⌫ and N⌫̄ for eqs. (3.8) and (3.9) for approximations used to
qualitatively describe the various appearance event samples used in our analysis for T2K and NOvA.
We also give the observed number of events, as well as the corresponding background subtracted
event numbers, as reported in Refs. [44, 45]

The last two items are more important for NOvA than for T2K, due to larger matter e↵ects

in NOvA because of the longer baseline.

In fig. 7, the determination of s223 from LBL data (including appearance) combined

with reactor data is shown. In the upper panels only ✓13 is constrained by reactor data,

whereas in the lower panels LBL and reactor data are combined consistently, including also

�m2
3` information. For the reasons explained above, lower panels show larger significance

of non-maximality, but now the symmetry between the octants is broken by appearance

data. Fig. 8 shows the ��2 dependence on �CP for various data samples.

Let us consider first the T2K samples. We see from table 2 that in both neutrino

samples (especially CC1⇡) the observed number of events after background subtraction is

large compared to N⌫ , while the anti-neutrino number is low. Hence, we need to maximize

the expression in eq. (3.8) and minimize eq. (3.9). Since neutrino data dominates over anti-

neutrinos, a slight preference for s223 > 0.5 appears (constrained by disappearance data),

while at the same time sin �CP ⇡ �1 serves to maximize (minimize) neutrino (anti-neutrino)

appearance, as visible in fig. 8.

For NOvA neutrino data, the coe�cient N⌫ in eq. (3.8) is also somewhat low compared

to the observed number of events minus background. For NO, the matter e↵ect enhances

neutrino events, and therefore, s223 (around maximal mixing favoured in disappearance)

and �CP can be adjusted, such that the event numbers can always be fitted, so ��2(�CP)

from NOvA neutrino data alone is < 1 for NO, cf. fig. 8. For IO, however, the matter e↵ect

suppresses neutrino events, and therefore, preference for the second octant and sin �CP ⇡
�1 appears to maximize the term in the square-bracket in eq. (3.8). For NOvA anti-

neutrino data, table 2 shows that the observed event number is of the order of N⌫̄ (only

slightly higher). Consequently we observe for NO only a very mild preference for sin �CP ⇡ 1

just to enhance slightly the rate of anti-neutrinos. For IO, the matter e↵ect enhances

anti-neutrinos, and therefore, choosing the combinations (first ✓23 octant/sin �CP ⇡ 1) or

(second ✓23 octant/sin �CP ⇡ �1) can fit the events, which leads to negligible ��2(�CP)

dependence for IO NOvA anti-neutrinos, cf. fig. 8. The combination of those e↵ects for

NO, leads to a disfavouring of sin �CP ⇡ �1 with ��2 ⇡ 3.5 from NOvA, somewhat

in contradiction of the T2K preferred region: with the non-maximality of ✓23 from anti-

neutrinos plus the matter enhancement for neutrinos, sin �CP ⇡ �1 would predict too many

neutrino events, and is therefore disfavoured.

The conclusion of those considerations lead to the preference of the second octant for

✓23 in the global analysis, as well as pushing the confidence interval for �CP towards 180�,
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The preference for the second octant of ✓23 is driven by ⌫µ ! ⌫e appearance channel in

LBL experiments (available both for neutrinos and anti-neutrinos). Following Ref. [32],

the appearance probability can be approximated by

P⌫µ!⌫e ⇡ 4s213s
2
23(1 + 2oA)� C sin �CP(1 + oA) , (3.5)

P⌫̄µ!⌫̄e ⇡ 4s213s
2
23(1� 2oA) + C sin �CP(1� oA) . (3.6)

with

C ⌘ �m2
21L

4E⌫
sin 2✓12 sin 2✓13 sin 2✓23 , o ⌘ sgn(�m2

3`) , A ⌘
����
2E⌫V

�m2
3`

���� , (3.7)

where V is the e↵ective matter potential. In the above equations we have expanded

in the small parameters s13, �m2
21L/E⌫ , and A, and used that for T2K and NOvA

|�m2
3`|L/4E⌫ ⇡ ⇡/2.2 Using the respective mean neutrino energies we find A ⇡ 0.05

for T2K and an empirical value of A = 0.1 (for which this approximation works better) at

NOvA. Correspondingly the number of observed appearance events in T2K and NOvA is

approximately proportional to the oscillation probability:

N⌫e ⇡ N⌫
⇥
2s223(1 + 2oA)� C 0 sin �CP(1 + oA)

⇤
, (3.8)

N⌫̄e ⇡ N⌫̄
⇥
2s223(1� 2oA) + C 0 sin �CP(1� oA)

⇤
. (3.9)

Taking all the well-determined parameters ✓13, ✓12, �m2
21, |�m2

3`| at their global best fit

points, we obtain numerically C 0 ⇡ 0.28. The normalization constants N⌫,⌫̄ calculated

from our re-analysis of T2K and NOvA are given for the various appearance samples in

table 2. Those values can be compared with the background subtracted observed number

of events, which we also report in the table. Within this approximation, there are only

the two parameters s223 and sin �CP, plus the discrete parameter o = ±1 encoding the

mass ordering, to fit the appearance event numbers shown in table 2, with sin2 ✓23 being

constrained in addition from disappearance data. Note that C 0 depends only on sin 2✓23,

which varies by less than 2% for 0.42 < s223 < 0.64, and can be taken as constant for our

purposes. The general trends from eqs. (3.8) and (3.9) are the following:

• Both neutrino and anti-neutrino events are enhanced by increasing s223.

• Values of sin �CP ' +1 (�1) suppress (increase) neutrino events, and have the oppo-

site e↵ect for anti-neutrino events.

• For NO (IO) neutrino events are enhanced (suppressed) due to the matter e↵ect,

whereas anti-neutrino events are suppressed (enhanced).

• For NO (IO) the matter e↵ect increases (decreases) the impact of �CP for neutrinos,

while the opposite happens for anti-neutrinos.

2Expanding in the matter potential parameter A is a very good approximation for T2K, but not so good

for NOvA. However, the qualitative behaviour is still captured by the above expressions also for NOvA,

which su�ces for our discussion here.
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Leptonic CP violation

Neutrino oscillations Current status and implications

CP violation
Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

P‹–æ‹— ≠ P‹̄–æ‹̄— Ã J , J = |Im(U–1U
ú
–2U

ú
—1U—2)|

J : leptonic analogue to Jarlskog-invariant Jarlskog, 1985

standard parameterization: J = s12c12s23c23s13c
2
13 sin ” © J

max sin ”

present data NuFit 2.0: J
max = 0.0329 ± 0.0009 (1‡)

compare with Jarlskog invariant in the quark sector:

JCKM = (3.06+0.21
≠0.20) ◊ 10≠5

I CPV for leptons might be a factor 1000 larger than for quarks
I OBS: for quarks we know J , for leptons only J

max (do not know ”!)
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 ✓23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:

JCP ⌘ Im
⇥
U↵iU

⇤
↵jU

⇤
�iU�j

⇤

⌘ Jmax
CP sin �CP = cos ✓12 sin ✓12 cos ✓23 sin ✓23 cos

2 ✓13 sin ✓13 sin �CP (2.3)

where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18± 0.15)⇥ 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and ✓12. We show in fig. 4 the present determination of these
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12. CKM quark-mixing matrix 15
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

λ = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

ρ̄ = 0.122+0.018
−0.017 , η̄ = 0.355+0.012

−0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives λ = 0.22465 ± 0.00039, A = 0.832 ± 0.009, ρ̄ = 0.139 ± 0.016,
η̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

⎛

⎝
0.97446 ± 0.00010 0.22452± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032

⎞

⎠ , (12.27)

June 5, 2018 19:49
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0.22438 ± 0.00044 0.97359+0.00010

−0.00011 0.04214 ± 0.00076

0.00896+0.00024
−0.00023 0.04133± 0.00074 0.999105 ± 0.000032

⎞

⎠ , (12.27)
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Leptonic CP violation

Neutrino oscillations Current status and implications

CP violation
Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

P‹–æ‹— ≠ P‹̄–æ‹̄— Ã J , J = |Im(U–1U
ú
–2U

ú
—1U—2)|

J : leptonic analogue to Jarlskog-invariant Jarlskog, 1985

standard parameterization: J = s12c12s23c23s13c
2
13 sin ” © J

max sin ”

present data NuFit 2.0: J
max = 0.0329 ± 0.0009 (1‡)

compare with Jarlskog invariant in the quark sector:

JCKM = (3.06+0.21
≠0.20) ◊ 10≠5

I CPV for leptons might be a factor 1000 larger than for quarks
I OBS: for quarks we know J , for leptons only J

max (do not know ”!)
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 ✓23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:
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where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18± 0.15)⇥ 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and ✓12. We show in fig. 4 the present determination of these
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Mass ordering

adding reactors: Δ𝝌2(IO) = 6.2

no reactor data, but
θ13 prior added

T2K: Δ𝝌2(IO) ≈ 3.6

adding NOvA: Δ𝝌2(IO) ≈ 3.2

Nunokawa, Parke, 
Zukanovich, 05, 06
Blennow, TS, 13

νe and νμ disappearance: slightly 
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Mass ordering - atmospheric neutrinos

1710.09126

5

(a)P (⌫µ ! ⌫µ) (b)P (⌫µ ! ⌫e)

(c)P (⌫̄µ ! ⌫̄µ) (d)P (⌫̄µ ! ⌫̄e)

FIG. 2. Oscillation probabilities for neutrinos (upper panels) and antineutrinos (lower panels) as a function of energy and
zenith angle assuming a normal mass hierarchy. Matter e↵ects in the Earth produce the distortions in the neutrino figures
between two and ten GeV, which are not present in the antineutrino figures. Distortions in the ⌫µ survival probability and
enhancements in the ⌫e appearance probability occur primarily in angular regions corresponding to neutrino propagation across
both the outer core and mantle regions (cosine zenith < �0.9) and propagation through the mantle and crust (�0.9 < cosine
zenith < �0.45 ). For an inverted hierarchy the matter e↵ects appear in the antineutrino figures instead. Here the oscillation
parameters are taken to be �m

2
32 = 2.5⇥ 10�3eV2, sin2

✓23 = 0.5, sin2
✓13 = 0.0219, and �CP = 0.

III. THE SUPER-KAMIOKANDE DETECTOR

Super-Kamiokande is a cylindrical 50-kiloton water
Cherenkov detector, located inside the Kamioka mine in
Gifu, Japan. An inner detector (ID) volume is viewed
by more than 11,000 inward-facing 20-inch photomulti-

plier tubes (PMTs) and contains a 32-kiloton target vol-
ume. The outer detector, which is defined by the two
meter-thick cylindrical shell surrounding the ID, is lined
with reflective Tyvek to increase light collection to 1,885
outward-facing eight-inch PMTs mounted on the shell’s
inner surface. Since the start of operations in 1996,
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Mass ordering - atmospheric neutrinos
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FIG. 14. Constraints on neutrino oscillation parameters from the Super-K atmospheric neutrino data fit assuming sin2
✓13 =

0.0219 ± 0.0012 . Orange lines denote the inverted hierarchy result, which has been o↵set from the normal hierarchy result,
shown in cyan, by the di↵erence in their minimum �

2 values.
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FIG. 15. Constraints on neutrino oscillation contours at the
90% C.L. from analyses assuming the normal mass hierarchy.
The Super-K contour (cyan) is taken from the analysis with
sin2

✓13 assumed to be 0.0219 ± 0.0012. Contours from the
T2K (violet) [8], NOvA (dashed green) [7], MINOS+ (dashed
blue) [36], and IceCube (red) [39] experiments are also shown.

Results and Discussion

Constraints on the atmospheric neutrino mixing pa-
rameters and �CP in the ✓13-constrained fit without the
T2K samples are shown in Figure 14. As in the uncon-
strained fit the data prefer the normal hierarchy over the
inverted hierarchy with ��2

⌘ �2
NH,min

� �2
IH,min

=
�4.33. While the best fit value of |�m2

32| has shifted
slightly, it is within errors of the unconstrained fit and in
good agreement with other measurements (c.f. Fig. 15).
Similarly, the preference for the second octant of ✓23 re-
mains unchanged and no significant change is seen in the
width of the parameter’s allowed region at 1�. The best
fit value of �CP is 4.18 for both hierarchies, with a tighter
constraint on other values relative to the unconstrained

fit. Parameter values and their 1� errors are summarized
in Table V.

In the second fit the addition of the T2K samples is ex-
pected to improve the constraint on the atmospheric mix-
ing parameters due to T2K’s more precise measurements.
The left two panels of Fig. 16 show one-dimensional con-
straints on these parameters and two-dimensional con-
tours appear in Fig. 17. In the latter dotted lines denote
the allowed region from the ✓13-constrained fit to the at-
mospheric neutrino data only and dashed lines show the
allowed regions from the T2K model fit by itself. The
combination of the two data sets, depicted as the solid
line, shows that the fit to these parameters is dominated
by the T2K model, with little improvement seen in the
contour when fit together with atmospheric neutrinos.

With less freedom to adjust the atmospheric mixing
parameters, the combination of atmospheric neutrinos
with the T2K model is expected to improve the mass
hierarchy sensitivity on average (see Fig. 13). By it-
self, the T2K model favors the normal hierarchy by
��2 = �0.85 [27]. Though T2K has little mass hier-
archy sensitivity on average, ��2 = �0.4 at the Super-K
best fit point, this result is driven by an excess of observed
events in its appearance sample. When atmospheric neu-
trinos are combined with T2K, the hierarchy preference
strengthens to ��2 = �5.27, with the majority of the ex-
pected sensitivity coming from the atmospheric samples
appearing in Fig. 10.

Similar preferences in both samples for �CP near 3⇡/2
result in a stronger constraint on this parameter when
analyzed together. The right panel of Fig. 16 shows the
constraint for both hierarchy assumptions, with the o↵set
in the two lines corresponding to the ��2 between the
two. Naturally, this preference is consistent with an in-
creased ⌫e (as opposed to ⌫̄e) rate in T2K relative to the
expectation from the measured value of ✓13. Though the
constraint from the normal hierarchy fit disfavors the re-
gion around ⇡/2, the contour includes the CP-conserving

θ13 constrained

•prefers 2nd θ23 octant and π < δ < 2π
•𝝌2(IO) - 𝝌2(NO) = 4.3
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•analysis not reproducable outside SK

•add 𝝌2 table to global fit („black box“)
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FIG. 10. Upward- (cos✓ < �0.4) to downward-going (cos✓ > 0.4) event ratio as a function of energy. The error bars are
statistical. For the single-ring samples the energy is taken to be the visible energy assuming the light-producing particle was
an electron. For the multi-ring samples the total energy is used after accounting for the particle type (electron or muon) of
each reconstructed ring. The cyan line denotes the best fit from the normal hierarchy hypothesis, and the orange dashed line
the best fit from the inverted hierarchy hypothesis. The error on the prediction is dominated by the uncertainty in the ⌫⌧ cross
section and is not more than 3% (absolute) in any bin of the figure.
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FIG. 11. Constraints on the matter e↵ect parameter ↵

from the Super-K atmospheric neutrino data fit assuming
sin2

✓13 = 0.0219± 0.0012 . Orange lines denote the inverted
hierarchy result, which has been o↵set from the normal hierar-
chy result, shown in blue, by the di↵erence in their minimum
�
2 values. Vacuum corresponds to ↵ = 0, while the standard

matter profile used in the rest of the analyses presented here
corresponds to ↵ = 1.

aspects of the experiments are shared. Notably the de-
tector simulation as well as the neutrino interaction gen-
erator, NEUT [33], and the event reconstruction tools
at Super-K are common between the two. From the
standpoint of Super-K then, only the neutrino source and
associated systematics di↵er between the beam and at-
mospheric neutrino measurements. For this reason it is
possible to create a reliable simulation of the T2K experi-
ment using software and methods specific to atmospheric
neutrino measurements, provided only information about
the beam flux and systematic errors. Accordingly, in ad-
dition to the 19⇥4 data samples presented in Section III,
simulated T2K ⌫e appearance and ⌫µ disappearance sam-
ples are introduced into the atmospheric analysis in or-
der to directly incorporate T2K’s measurements. Monte
Carlo corresponding to these samples is constructed from
reweighted atmospheric neutrino MC and data are taken
from the literature. This scheme allows various oscilla-
tion hypotheses to be tested against the published T2K
data and in conjunction with the Super-K data. Pro-
vided the model samples reproduce T2K’s results when
fit without the atmospheric neutrino data, the results of
a combined analysis can be taken as reliable.

Neutrino MC samples at Super-K are generated ac-

Super-Kamiokande I-IV, 1710.09126
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Mass ordering incl. atmospherics

adding SuperK I-IV atm
𝝌2 table to the global fit → 
inverted ordering becomes 
disfavoured at >3σ

(contribution of IceCube to 
MO still very small)
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Fig. 24 Constraints on neutrino oscillation parameters from SK-IV atmospheric neutrino

data using the expanded FV and assuming sin2✓13 = 0.0210± 0.0011. The solid blue and

dashed orange lines denote the normal and inverted hierarchy fit results, respectively. The

latter has been o↵set from the former by the di↵erence in their minimum �
2 values.

Fig. 25 Constraints on the atmospheric mixing parameters using SK-IV atmospheric

neutrino and the expanded FV. The solid blue (dashed orange) line shows 90% C.L. for

the normal (inverted) hierarchy. The star denotes the best-fit value, which is at the same

point for normal and inverted hierarchy, as shown in Table 11. In each contour sin2✓13 is

constrained to be 0.0210± 0.0011. The contours have both been drawn relative to the global

best-fit.

hypotheses are shown as the orange and cyan shaded histograms in Figure 26, respectively.

The CLOs value is found to be just 0.098 and accordingly, the data show no strong preference

for the octant.

Similarly the parameter for the mass hierarchy is defined as

CLHs =
p0(IH)

1� p0(NH)
, (13)

where p0(IH) and p0(NH) are p-values for obtaining a di↵erence in the �2 of the best-fit mass

hierarchies more extreme than that of the data assuming a true IH and NH, respectively.

Figure 27 shows the distribution for the mass hierarchy determination. Due to the large

uncertainty on ✓23, MC ensembles have been generated with di↵erent assumed values ✓23

34

25

Mass ordering - atmospheric neutrinos
Atmospheric Neutrino Oscillation Analysis With Improved Event 
Reconstruction in Super-Kamiokande IV, 1901.03230 

θ13 constrained

•𝝌2(IO) - 𝝌2(NO) = 2.45 (compared to 4.3 from SK I-IV 2017)

•effective exposure 254 kt yr only 23% smaller (32% larger fiducial volume)  
(compared to 328 kt yr of SK I-IV 2017)
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Anomalies inconsistent with 3-flavour paradigmeV-scale sterile neutrino oscillations

Hints for sterile neutrinos at the eV scale?

I Reactor anomaly (‹̄e disappearance)
I predicted vs measured rate
I distance dependent spectral distortions

I Gallium anomaly (‹e disappearance)

I LSND (‹̄µ æ ‹̄e appearance)

I MiniBooNE (‹µ æ ‹e , ‹̄µ æ ‹̄e appearance)
�m2

21

�m2
31

�m2
41

�e

�µ

��

�s

‹e disappearance: depends on |Ue4| æ ◊ee

T. Schwetz (KIT) 2

sterile neutrinos at the eV scale?
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• tension between „predicted“ and observed 
neutrino rates at nuclear reactors

27

Reactor anomaly

3

Analysis �2
3⌫ �2

min ndata p n�

HM Rates 41.4 33.5 40 2.0⇥ 10�2 2.3

Ab Initio Rates 39.2 37.0 40 0.34 0.95

HKSS Rates 58.1 47.5 40 5.0⇥ 10�3 2.8

Spectra 184.9 172.2 212 1.8⇥ 10�3 3.1

DANSS + NEOS 98.9 84.7 84 8.1⇥ 10�4 3.3

TABLE I. A summary of relevant statistics in our analyses.
We show �2 for sin2 2✓ee = 0, �2

3⌫ , and the minimum value of
�2 over the sterile neutrino parameter space, �2

min. We also
tabulate the number of data points for each analysis, ndata,
the p-value at which three-neutrino mixing can be excluded
and the number of � corresponding to that p-value.

derestimates the true theoretical uncertainty. A more re-
alistic error budget would further degrade the preference
for a sterile neutrino. On the other hand, the HKSS pre-
dictions result in stronger evidence for a sterile neutrino:
recalculating the shape factor accounting for forbidden
decays results in an increased expected IBD rate, imply-
ing larger experimental deficits. Relevant statistics for
these analyses are compiled in Table I.
We conclude this discussion by underscoring that the

diverging preference for a sterile neutrino between the ab
initio and HKSS flux predictions highlights the need to
reappraise the data underpinning these predictions. As
of present, improved TAGS measurements in the ab initio
model and the more complete treatment of forbidden de-
cays in HKSS modify the total predicted rate to roughly
the same degree but with opposite signs. Concerns about
vastly increased uncertainties from first-forbidden decays
[59] seem not to be borne out in the detailed analysis in
HKSS. That said, these conclusions can only be solidified
with the collection of more and improved data.
The Spectral Anomaly: We shift our attention to

the reactor ⌫e energy spectra measured at Bugey [36],
DANSS [60], Daya Bay [61], Double Chooz [34], NEOS
[32] and RENO [33]. With the exception of NEOS, each
of these experiments measures the ⌫e spectrum at multi-
ple positions and publishes ratios of these spectra. The
benefit of such ratios is that the dependence on the reac-
tor flux model largely cancels, mitigating theoretical un-
certainties. The NEOS collaboration presents their spec-
trum as a ratio with respect to the spectrum measured at
Daya Bay in Ref. [62], which introduces mild flux model
dependence into the analysis; see Ref. [22] for details.
PROSPECT [63] and STEREO [64, 65] have also pro-

duced constraints in the last few years. Given that these
experiments are still collecting data and that only lim-
ited information on how to include them in a global fit is
available, we choose not to include them here. We discuss
their expected impact below.
The two-flavor approximation in Eq. (1) is used for

Bugey, DANSS and NEOS, but we use the full four-
neutrino framework for Daya Bay, Double Chooz and
RENO. These spectral ratios are combined in a single

�2 function of the form

�2 =
X

A

(~SA
exp � ~SA

pred)
T · (VA)

�1 · (~SA
exp � ~SA

pred), (3)

where A indexes the experiments, ~SA
exp is the experimen-

tal spectral ratio and ~SA
pred = ~SA

pred(sin
2 2✓ee,�m2

41) is
the predicted spectral ratio. Each experiment has its
own covariance matrix VA that includes both experimen-
tal and theoretical uncertainties. In principle, all exper-
iments are correlated through the theoretical uncertain-
ties. Practically speaking, these correlations are negligi-
ble.

The �2 is calculated at each point in the sin2 2✓ee–
�m2

41 parameter space; the results are shown in Fig. 1.
The 1�, 2� and 3� preferred regions are shown in dark,
medium and light green, respectively, and are consistent
with similar results in Refs. [6, 29, 57]. The sensitivity
is primarily driven by DANSS; the total evidence for a
sterile neutrino is 3.1�. It is noteworthy that NEOS and
DANSS point to the same �m2

41 despite their baselines
di↵ering by a factor of two. Relevant statistics are com-
piled in the last line of Tab. I.

We do not combine our rate and spectral analyses;
there are nontrivial correlations between the rate mea-
surements at Bugey, Daya Bay, Double Chooz and RENO
and the corresponding spectral measurements that would
need to be taken into account. However, one can infer
from Fig. 1 that the spectral analysis is consistent with
the ab initio analysis; the latter shows weak preference
for a sterile neutrino, so consistency is essentially guar-
anteed. However, one can also infer that the tension be-
tween the spectral and HKSS analysis is greater than
with the HM analysis. In this way, too, we see the ab
initio and HKSS analyses diverge.

Future Experiments: It is useful and imperative
to consider how this parameter space can be probed in
the near term, given the uncertainty surrounding analy-
ses of the rates but the apparent robustness of spectral
measurements. We consider only experiments searching
for ⌫e/⌫e disappearance; for discussions on the future of
⌫e/⌫e appearance and ⌫µ/⌫µ appearance/disappearance,
see Refs. [7, 8].

We begin with PROSPECT and STEREO, which have
produced early results [63–65], but not, at present, final
analyses. These experiments were designed in the first
half of the decade to conclusively probe the RAA as pre-
sented in Ref. [1]; early results indicate that they will
achieve this. However, since these experiments were con-
ceived, reactor spectrum experiments have shifted the
preferred sterile neutrino parameters to smaller mixing
angles than previously indicated.

We use PROSPECT as proxy to study how well
current-generation reactor can probe the regions pre-
ferred by the four global analyses presented here. The
expected 3� sensitivity for three years of operation is
shown in dot-dashed dark red in Fig. 1 [54]. This sen-
sitivity represent a prediction of how a null result from

Huber, Muller, 2011

Estienne et al., 1904.09358 

Hayen et al., 1908.08302 

Berryman, Huber, 1909.09267
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Relative spectral distortions
eV-scale sterile neutrino oscillations ‹e disappearance

NEOS and DANSS spectral distortion Dentler et al, 1803.10661
7

 0.55

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 1  2  3  4  5  6  7

R
a

tio
 D

o
w

n
/U

p

Prompt Energy [MeV]

global reactor best fit
DANSS best fit

DANSS data

 0.9

 0.95

 1

 1.05

 1.1

 1  2  3  4  5  6  7  8  9

D
a

ta
/P

re
d

ic
tio

n
Prompt Energy [MeV]

global reactor best fit
NEOS+DB best fit

NEOS data

FIG. 1. Observed spectra for the DANSS (left) and NEOS (right) experiments compared to the
predicted spectra at the individual best fit points (dashed) and the best fit point from a global
analysis of all reactor data (solid). The left panel shows the ratio of the observed event rates at
the two detector locations in DANSS (24 bins). The right panel shows the NEOS spectral data
relative to the prediction extrapolated from the measured Day Bay spectrum (60 bins). The best
fit points are �m2

41 = 1.32 eV2, sin2 �14 = 0.012 for DANSS, �m2
41 = 1.78 eV2, sin2 �14 = 0.013

for NEOS + Daya Bay, and �m2
41 = 1.29 eV2, sin2 �14 = 0.0089 for the fit to all reactor data,

assuming a free normalization for the neutrino fluxes from the four main fissible isotopes.

distortion, leading to a preference in favour of sterile neutrino oscillations, as illustrated
by the red dashed curve in fig. 2. The remarkable observation is that the preferred region
from DANSS overlaps with the one from NEOS, which also observes a spectral distortion
consistent with sterile neutrino oscillations, see right panel of fig. 1. Results of the combined
analysis of DANSS and NEOS are given in table II. We find that the no-oscillation hypothesis
is disfavoured with respect to sterile neutrino oscillations at a significance of 3.3�. Let us
stress that this result is completely independent of reactor neutrino flux predictions. It is
only based on bin-by-bin spectral comparison between two detector locations in DANSS,
and between the spectra observed in NEOS and Daya Bay.

Combing all available reactor data, we obtain the results shown table II and fig. 2. These
results confirm the � 3� hint in favour of sterile neutrinos from DANSS and NEOS in the
analysis with free fluxes. If the fluxes are fixed and the predicted neutrino rate is used
(“reactor anomaly”), the significance increases to 3.5�, with a best fit point consistent with
the DANSS/NEOS spectral indications. Note that in the analysis using fixed fluxes there
is minor tension between “old” reactor data and the DANSS/NEOS best fit region, see
fig. 2. Despite this small tension, the significance for sterile neutrinos increases from 3.3�
for NEOS+DANSS to 3.5� for the global data. We conclude that recent data support the
indication in favour of sterile neutrinos from the reactor anomaly, a conclusion that is solely
based on spectral distortions, but independent of reactor flux predictions.

Let us comment on the impact of the Daya Bay measurements of the individual neutrino
fluxes from di�erent fissible isotopes [37] by using the time evolution of the observed reactor
anti-neutrino spectra. These data have been used to compare the hypothesis H1 of no-

DANSS: relative spectra
@ detector locations with
L = 10.7 and 12.7 m

NEOS: spectrum at L = 24 m,
relative to prediction based on
Daya Bay near detector spectrum

T. Schwetz (KIT) 6

Dentler, Hernandez, Kopp, Maltoni, TS, 1709.04294
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Combined νe disappearance analysis
eV-scale sterile neutrino oscillations ‹e disappearance

Combined ‹e disappearance analysis Dentler et al, 1803.10661 6

Analysis �m2
41 [eV2] |U2

e4| �2
min/dof ��2(no-osc) significance

DANSS+NEOS 1.3 0.00964 74.4/(84 � 2) 13.6 3.3�

all reactor (flux-free) 1.3 0.00887 185.8/(233 � 5) 11.5 2.9�

all reactor (flux-fixed) 1.3 0.00964 196.0/(233 � 3) 15.5 3.5�
(–)

� e disap. (flux-free) 1.3 0.00901 542.9/(594 � 8) 13.4 3.2�
(–)

� e disap. (flux-fixed) 1.3 0.0102 552.8/(594 � 6) 17.5 3.8�

TABLE II. Results on
(–)

� e disappearance from DANSS+NEOS, from a fit to all reactor data (both

for free fluxes and fixed fluxes), and from a fit to the combined
(–)

� e disappearance data listed in
table I. For each combination of data sets, we give the parameter values and the �2 value per
degree of freedom at the best fit point. In all fits, we treat �14 and �m2

41 as free parameters. For

the “all reactor” sample, we also leave �13 free. In the “
(–)

� e disap.” analyses, all parameters listed
in eq. (6) are allowed to float. For the analyses with free reactor fluxes, there are two additional
free parameters corresponding to the normalization of the 235U and 239Pu fluxes. The last two
columns of the table give the ��2 between the no-oscillation hypothesis and the best fit, as well as
the significance at which the no-oscillation hypothesis is disfavoured. It is obtained by assuming
that ��2 follows a �2 distribution with two degrees of freedom (�m2

41 and |Ue4|).

whereas in section III B we present the global
(–)

� e disappearance analysis.

A. Updated reactor analysis

The reactor analysis includes the experiments listed in table I. The fit by now is dominated
largely by the recent NEOS [23] and DANSS [26] results, as well as the latest data from
Daya Bay. For the latter we include the ratios of spectra measured in experimental halls
(EH) 3 and 1, and in experimental halls 2 and 1 [71], as well as the measurement of the
individual neutrino fluxes from each fissible isotope [37]. The analysis presented here is based
largely on ref. [21] where more details can be found. The important di�erence with respect
to that analysis is the recent preliminary results from the DANSS experiment presented in
December 2017 [26], which consists of a data sample of approximately four times increased
exposure compared to the one shown in March 2017 [25] used in [21]. Another recent analysis
including this latest DANSS data can be found in ref. [91].

Regarding reactor neutrino flux predictions we consider two scenarios: (i) fixed fluxes,
where we set the uncertainties on the predicted anti-neutrino fluxes to the values estimated
in the original publications [3, 4]; (ii) free fluxes, where the normalizations of the neutrino
fluxes from the four main fissible isotopes 235U, 238U, 239Pu and 241Pu are allowed to float
freely. (A weak constraint ±20% at 1� is included for the numerically subdominant fluxes
from 238U and 241Pu to avoid unphysical values.) Note that we never rely on the predicted
anti-neutrino spectra, only on the predicted rates. Even in the case of fixed fluxes, those
analyses which use spectral information are based entirely on ratios of spectra at di�erent
baselines.

The new spectral data from DANSS are shown in the left panel of fig. 1. The DANSS
experiment uses a movable detector. The plot shows the ratio of the spectra observed in two
detector locations corresponding to baselines of 10.7 and 12.7 m. The data show a spectral
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~3σ hint for sterile neutrino oscillations, independent of reactor flux calculations!
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Combined νe disappearance analysis
eV-scale sterile neutrino oscillations ‹e disappearance

Combined ‹e disappearance analysis Dentler et al, 1803.10661 6

Analysis �m2
41 [eV2] |U2

e4| �2
min/dof ��2(no-osc) significance

DANSS+NEOS 1.3 0.00964 74.4/(84 � 2) 13.6 3.3�

all reactor (flux-free) 1.3 0.00887 185.8/(233 � 5) 11.5 2.9�

all reactor (flux-fixed) 1.3 0.00964 196.0/(233 � 3) 15.5 3.5�
(–)

� e disap. (flux-free) 1.3 0.00901 542.9/(594 � 8) 13.4 3.2�
(–)

� e disap. (flux-fixed) 1.3 0.0102 552.8/(594 � 6) 17.5 3.8�

TABLE II. Results on
(–)

� e disappearance from DANSS+NEOS, from a fit to all reactor data (both

for free fluxes and fixed fluxes), and from a fit to the combined
(–)

� e disappearance data listed in
table I. For each combination of data sets, we give the parameter values and the �2 value per
degree of freedom at the best fit point. In all fits, we treat �14 and �m2

41 as free parameters. For

the “all reactor” sample, we also leave �13 free. In the “
(–)

� e disap.” analyses, all parameters listed
in eq. (6) are allowed to float. For the analyses with free reactor fluxes, there are two additional
free parameters corresponding to the normalization of the 235U and 239Pu fluxes. The last two
columns of the table give the ��2 between the no-oscillation hypothesis and the best fit, as well as
the significance at which the no-oscillation hypothesis is disfavoured. It is obtained by assuming
that ��2 follows a �2 distribution with two degrees of freedom (�m2

41 and |Ue4|).

whereas in section III B we present the global
(–)

� e disappearance analysis.

A. Updated reactor analysis

The reactor analysis includes the experiments listed in table I. The fit by now is dominated
largely by the recent NEOS [23] and DANSS [26] results, as well as the latest data from
Daya Bay. For the latter we include the ratios of spectra measured in experimental halls
(EH) 3 and 1, and in experimental halls 2 and 1 [71], as well as the measurement of the
individual neutrino fluxes from each fissible isotope [37]. The analysis presented here is based
largely on ref. [21] where more details can be found. The important di�erence with respect
to that analysis is the recent preliminary results from the DANSS experiment presented in
December 2017 [26], which consists of a data sample of approximately four times increased
exposure compared to the one shown in March 2017 [25] used in [21]. Another recent analysis
including this latest DANSS data can be found in ref. [91].

Regarding reactor neutrino flux predictions we consider two scenarios: (i) fixed fluxes,
where we set the uncertainties on the predicted anti-neutrino fluxes to the values estimated
in the original publications [3, 4]; (ii) free fluxes, where the normalizations of the neutrino
fluxes from the four main fissible isotopes 235U, 238U, 239Pu and 241Pu are allowed to float
freely. (A weak constraint ±20% at 1� is included for the numerically subdominant fluxes
from 238U and 241Pu to avoid unphysical values.) Note that we never rely on the predicted
anti-neutrino spectra, only on the predicted rates. Even in the case of fixed fluxes, those
analyses which use spectral information are based entirely on ratios of spectra at di�erent
baselines.

The new spectral data from DANSS are shown in the left panel of fig. 1. The DANSS
experiment uses a movable detector. The plot shows the ratio of the spectra observed in two
detector locations corresponding to baselines of 10.7 and 12.7 m. The data show a spectral
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~3σ hint for sterile neutrino oscillations, independent of reactor flux calculations!

• PROSPECT/STEREO: limits 
too weak to test spectral hint   

• Impact of latest DANSS 
results under investigation
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Hints for νμ→νe appearance
eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661
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using pre-2018 MiniBooNE data, results quantitativley very similar

T. Schwetz (KIT) 11

eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661

using pre-2018 MiniBooNE data, results quantitativley very similar
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

� < 1250 MeV neutrino energy range from all
of the backgrounds in the �e and �̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
�µ & �̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC �0 501.5 ± 65.4 112.3 ± 11.5
NC � � N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other �µ & �̄µ 89.6 ± 22.9 22.3 ± 3.5

�e & �̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
�e & �̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
�e & �̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other �e & �̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 ± 85.2 398.7 ± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) �µ � �e 463.1 100.0

energy range for the total 12.84 � 1020 POT data. Each
bin of reconstructed EQE

� corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the �e CCQE event selection requirements
with 200 < EQE

� < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e�ect. Note that the 162.0 event excess in the
first 6.46 � 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 � 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

� < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total �e plus �̄e CCQE excess of 460.5 ± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

� in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
� distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
� distributions,

corresponding to the total 12.84 � 1020 POT data, for �e

CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

� in both neutrino mode and antineutrino mode, cor-
responding to 12.84 � 1020 POT and 11.27 � 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2� = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

I neutrino mode excess:
381.2 ± 85.2 events (4.5‡)

I ‹-‹̄ combined excess:
460.5 ± 95.8 events (4.8‡)

LSND and MiniBooNE data consistent within 2-flavour oscillations
T. Schwetz (KIT) 10
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

� < 1250 MeV neutrino energy range from all
of the backgrounds in the �e and �̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
�µ & �̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC �0 501.5 ± 65.4 112.3 ± 11.5
NC � � N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other �µ & �̄µ 89.6 ± 22.9 22.3 ± 3.5

�e & �̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
�e & �̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
�e & �̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other �e & �̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8 ± 85.2 398.7 ± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) �µ � �e 463.1 100.0

energy range for the total 12.84 � 1020 POT data. Each
bin of reconstructed EQE

� corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the �e CCQE event selection requirements
with 200 < EQE

� < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e�ect. Note that the 162.0 event excess in the
first 6.46 � 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 � 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

� < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total �e plus �̄e CCQE excess of 460.5 ± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

� in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
� distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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� distributions,

corresponding to the total 12.84 � 1020 POT data, for �e

CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

� in both neutrino mode and antineutrino mode, cor-
responding to 12.84 � 1020 POT and 11.27 � 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2� = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

I neutrino mode excess:
381.2 ± 85.2 events (4.5‡)

I ‹-‹̄ combined excess:
460.5 ± 95.8 events (4.8‡)

LSND and MiniBooNE data consistent within 2-flavour oscillations
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combined appearance data:
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Strong tension btw appearance and disappearance

eV-scale sterile neutrino oscillations Global analysis

Strong tension in global data Dentler et al, 1803.10661
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eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Global data on SBL ‹µ æ ‹e appearance Dentler et al, 1803.10661

using pre-2018 MiniBooNE data, results quantitativley very similar

T. Schwetz (KIT) 11
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Strong tension btw appearance and disappearanceeV-scale sterile neutrino oscillations Global analysis

Robust tension between appearance and disapp. data
20

Analysis �2
min,global �2

min,app ��2
app �2

min,disapp ��2
disapp �2

PG/dof PG

Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71 � 10�7

Removing anomalous data sets

w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 � 10�3

w/o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 5.2 � 10�6

w/o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 3.8 � 10�5

w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 4.4 � 10�8

Removing constraints

w/o IceCube 920.8 79.1 11.9 812.4 17.5 29.4/2 4.2 � 10�7

w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 � 10�6

w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 � 10�7

w/o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 7.5 � 10�7

Removing classes of data
(–)

� e dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 � 10�2

(–)

� µ dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 2.3 � 10�4

(–)

� µ dis + solar vs app 884.4 79.1 13.9 781.7 9.7 23.6/2 7.4 � 10�6

TABLE VII. Results of the parameter goodness-of-fit (PG) test [92] comparing appearance to
disappearance data. In this table we use the reactor flux-free analysis and LSND DaR+DiF data;
therefore we do not quote dof for the �2 values. The first row corresponds to the global fit, while
the other row show the impact of removing individual experiments or sets of experiments from the
fit. In columns 2–8, we list the �2 at the global best fit point (�2

min,global), the �2 at the appearance
best fit (�2

min,app), the di�erence in �2
app between the appearance best fit point and the global best

fit point (��2
app), the �2 at the disappearance best fit (�2

min,disapp), the di�erence in �2
disapp between

the disappearance best fit point and the global best fit point (��2
disapp), the �2 per dof for the PG

test (�2
PG/dof, computed according to eq. (A1)), and the resulting p-value given by eq. (A3).

p-value of the PG test statistic we use two degrees of freedom, corresponding to the two
parameters in common to appearance and disappearance data, see table V and the related
discussion. We observe that for none of the analyses given in the table, the p-value for
appearance and disappearance data being consistent exceeds 10�5, with the “best” com-
patibility of p = 2.6 � 10�6 emerging for fixed reactor fluxes and using LSND DaR+DiF
data. We conclude that the appearance/disappearance tension excludes a sterile neutrino

oscillation explanation of the
(–)

� µ �
(–)

� e anomalies at the 4.7� level.

Note that the parameter goodness-of-fit for the analysis using free reactor fluxes is worse
than the one for fixed reactor fluxes. The reason can be understood from the �2 numbers

given in table VI. We see that the �2
min of

(–)

� e disappearance decreases by more (9.9 units)
than the global best fit point (7 or 6 units for DaR or DaR+DiF, respectively), when
leaving reactor fluxes free. Therefore, reactor data alone benefits more from free fluxes
than the appearance/disappearance tension, which increases the �2 penalty to pay for the
combination in the case of free fluxes.

In table VII we investigate the robustness of the appearance/disappearance tension. We
show how the PG would improve if individual experiments or classes of experiments were

reactor flux-free analysis Dentler et al, 1803.10661

results for 2018 MiniB very similar (tension gets slightly worse)
T. Schwetz (KIT) 15

… robust result wrt to individual experiments
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MiniBooNE and a decaying sterile neutrino

• sterile neutrino N with mN ~ 250 MeV (mπ < mN < mK)

• produce N in kaon decays via mixing K → N μ/e

• decay inside MB detector N →νγ via

A.Hernandez-Cabezudo  10

Production at the beam

Decay at the detector

Dominant decay modes (mixing):

But, new physics is considered

Dominant decay channel

- S.N.Gininenko: arXiv:0902.3802
- G.Margill, et.al: arXiv:1803.03262

See also:

Fischer, Hernandez,  TS, 1909.09561

Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536 
Bertuzzo, et. al, 1807.09877; Ballett, Pascoli, Ross-Lonergan, 1808.2915 

our recent proposal:
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MiniBooNE and a decaying sterile neutrino

A.Hernandez-Cabezudo  35

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

Fischer, Hernandez,  TS, 1909.09561
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MiniBooNE and a decaying sterile neutrino

A.Hernandez-Cabezudo  35

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

Fischer, Hernandez,  TS, 1909.09561

testable:  
• event timing in MiniB  
• predict signal in FermiLab SBN detectors 

(SBND, Icarus, MicroBooNE) 
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Summary 1: anomalies

•hints from relative reactor spectral distortions:  
 

•Gallium anomaly: significance reduced to 2.3σ

•LSND & MiniBooNE: eV-scale oscill. strongly disfavoured

•eV-scale neutrinos relevant for SBL oscillations are in  
strong tension with cosmology

•other BSM explanations of MiniBooNE and/or LSND? 
example: sterile neutrino decay (MeV to few 100 MeV)  

eV-scale sterile neutrino oscillations Global analysis

Summary eV-scale sterile neutrino oscillations

I ‹e disappearance data:
signal for osc. with �m

2
41 ƒ 1.3 eV2, |U

2
e4| ƒ 0.01 at & 3‡

supported by flux-prediction independent spectral distortions
consistent with global data

I LSND and MiniBooNE ‹µ æ ‹e signals:
strong tension with disappearance data
explanation in terms of eV-scale oscillations very unlikely
robust conclusion, indep. of reactor data
does not rely on any single experiment
adding more sterile neutrinos does not help eg. Kopp et al. 1303.3011

I eV-sterile neutrino explanations are in tension with cosmology
eg. Gonzalez-Garcia, Salvado, Song, 1805.08218,

T. Schwetz (KIT) 16

Kostensalo, et al.,
1906.10980
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Summary II: 3-flavour oscillations

•Octant of θ23:  
weak preference for second octant, bf at sin2θ23 = 0.56  
sin2θ23 < 0.5 disfavoured with Δ𝝌2 ≈ 1.8 (3.0) without (with) SK atm

•mass ordering:  
NO preferred by Δ𝝌2 = 6.2 (10.4) without (with) SK atm  
SK significance goes down with „improved“ analysis 
global fit (incl. IceCube/ORCA & JUNO) may be fastest track to MO

•CP phase:  
CP conservation allowed at Δ𝝌2 = 2.2, bf at δ = 221°
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Summary II: 3-flavour oscillations

Thank you for your attention!

•Octant of θ23:  
weak preference for second octant, bf at sin2θ23 = 0.56  
sin2θ23 < 0.5 disfavoured with Δ𝝌2 ≈ 1.8 (3.0) without (with) SK atm

•mass ordering:  
NO preferred by Δ𝝌2 = 6.2 (10.4) without (with) SK atm  
SK significance goes down with „improved“ analysis 
global fit (incl. IceCube/ORCA & JUNO) may be fastest track to MO

•CP phase:  
CP conservation allowed at Δ𝝌2 = 2.2, bf at δ = 221°
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supplementary slides
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E. Lisi, ESPPU
 open sym

posium
, G

ranada, 2019

similar results from „Valencia fit“ [M. Tortola, et al]
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Monte Carlo simulation of 𝝌2 distribution
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Figure 12. 68%, 95% and 99% confidence levels (broken curves) for the test statistics (4.1) along
with its value (solid curves) for the combination of T2K, NO⌫A, MINOS and reactor data. The value
of sin2 ✓23 given in each panel corresponds to the assumed true value chosen to generate the pseudo-
experiments and for all panels we take �m2

3`,true = �2.53⇥ 10�3 eV2 for IO and +2.54⇥ 10�3 eV2

for NO. The solid horizontal lines represent the 68%, 95% and 99% CL predictions from Wilks’
theorem.

• For ✓23 < 45�, �CP = 90�, and IO as well as for ✓23 > 45�, �CP = 270� and NO,

the confidence levels decrease. This e↵ect arises because at those points in parameter

space the ⌫µ ! ⌫e oscillation probability has a minimum or a maximum, respectively.

Therefore, statistical fluctuations leading to less (or more) events than predicted

cannot be accommodated by adjusting the parameters. ��2 is small more often

and the confidence levels decrease. This is an e↵ect always present at boundaries in

parameter space, usually referred to as an e↵ective decrease in the number of degrees

of freedom in the model.

• Conversely for �CP ⇠ 90� for ✓23 > 45�, and �CP ⇠ 270� for ✓23 < 45�, the confidence

levels increase. This is associated with the prominent presence of the octant degen-

eracy. Degeneracies imply that statistical fluctuations can drive you away from the

true value, ��2 increases, and the confidence levels increase. This is usually referred

to as an e↵ective increase in the number of degrees of freedom in the model due to

degeneracies.

• Overall we find that with present data confidence levels are clearly closer to Gaus-

sianity than found in Refs. [9, 68], where similar simulations have been performed

with less data available. For those data sets confidence levels were consistently below

their Gaussian limit. This was mainly a consequence of the limited statistics and the

cyclic nature of �CP which lead to an e↵ective decrease in the number of degrees of
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Figure 13. 68%, 95% and 99% confidence levels (broken curves) for the test statistics (4.2) along
with its value (solid curves) for the combination of T2K, NO⌫A, MINOS and reactor data. The
value of �CP above each plot corresponds to the assumed true value chosen to generate the pseudo-
experiments and for all panels we take �m2

3`,true = �2.53⇥ 10�3 eV2 for IO and +2.54⇥ 10�3 eV2

for NO. The solid horizontal lines represent the 68%, 95% and 99% CL predictions from Wilks’
theorem.

4.2 ✓23 and the mass ordering

Moving now to the discussion of ✓23, we show the value of the test statistics (4.2) in Fig. 13

for the combination of T2K, NO⌫A, MINOS and Daya-Bay experiments as a function of

✓23, for both mass orderings. For the generation of the pseudo-data we have assumed three

example values �CP,true = 0, 180�, 270�. We do not show results for �CP,true = 90�, since this

value is already quite disfavored by data, especially for IO.6 The broken curves show for

each set of true values, the values of ��2(✓23,O) which are larger than 68%, 95%, and 99%

of all generated data samples. From the figure we see that the deviations from Gaussianity

are not very prominent and can be understood as follows:

• The confidence levels decrease around maximal mixing because of the boundary on

the parameter space present at maximal mixing for disappearance data.

• There is some increase and decrease in the confidence levels for �CP = 270�, in the

same parameter region as the corresponding ones in Fig. 12.

In Tab. 4 we show the CL at which the combination of LBL and reactor experiments

can disfavor maximal ✓23 mixing (✓23 = 45�) as well as the 90% and 95% confidence intervals

6We are aware of the fact that this choice is somewhat arbitrary and implicitly resembles Bayesian

reasoning. In the strict frequentist sense we cannot a priori exclude any true value of the parameters.
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Fig. 21 Ratio of upward- (cos✓ < �0.4) to downward-going (cos✓ > 0.4) events as a func-

tion of energy for the mass hierarchy-sensitive analysis samples. energy. The error bars are

statistical. For the single-ring samples the energy is taken to be the visible energy assuming

the observed event was an electron. The energy estimator for multi-ring samples is the total

observed energy summed over each reconstructed ring after adjusting for each ring’s PID.

The orange line shows the best-fit result assuming the inverted hierarchy hypothesis and the

cyan that from the normal hierarchy hypothesis.
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Fig. 22 Expected sensitivity to the normal mass hierarchy (left) and inverted hierarchy

(right) as a function of the true value of sin2 ✓23. Here sin2 ✓13 = 0.0210± 0.0011 and the

assumed livetime is 3118.5 days. Grey and blue bands show the sensitivity of the analysis

with event samples reconstructed with fiTQun in the conventional FV and expanded FV,

respectively. Orange lines denote the sensitivity when events are reconstructed using the

APFit algorithm with the conventional FV. The width of the bands corresponds to the

uncertainty from �CP .
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Solar parameters

•using reconstructed 
fluxes from Daya-Bay 
in KamLAND analysis

• tension between 
solar and KamLAND 
remains at ~2σ

• robust wrt to solar 
models (abundances)

• driven by spectrum 
upturn and day/night 
data from SK
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the

second octant for ✓23 emerges.

3.2.1 Disappearance results and non-maximal ✓23

We focus first on LBL disappearance data. The ⌫µ survival probability is given to good

accuracy by [42, 43]

Pµµ ⇡ 1� sin2 2✓µµ sin
2 �m2

µµL

4E⌫
, (3.2)

where L is the baseline, E⌫ is the neutrino energy, and

sin2 ✓µµ = cos2 ✓13 sin
2 ✓23 , (3.3)

�m2
µµ = sin2 ✓12�m2

31 + cos2 ✓12�m2
32 + cos �CP sin ✓13 sin 2✓12 tan ✓23�m2

21 . (3.4)
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NOvA 2019 update

Mayly Sanchez - ISU

E L E C T R O N  N E U T R I N O  A P P E A R A N C E  
E X P E C TAT I O N S
• Event counts in 

neutrino and 
antineutrino mode vary 
according to the 
oscillation parameters.  

• Ellipses as a function of 
CP are drawn for 
normal and inverted 
hierarchy (NH and IH) 
as well as upper and 
lower octant (UO and 
LO). 
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Mass ordering
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Figure 9. �m2
3` determination from LBL, reactor and their combination. Left (right) panels

are for IO (NO). The upper panels show the 1-dim ��2 from LBL experiments after constraining
only ✓13 from reactor experiments. For each experiment ��2 is defined with respect to the global
minimum of the two orderings. The lower panels show the corresponding determination when the
full information of LBL accelerator and reactor experiments is used in the combination (including
the information on �m2

3` from reactors). In all panels �m2
21, sin

2 ✓12 are fixed to the global best
fit values.

An interesting additional e↵ect sensitive to the mass ordering has been pointed out in

Refs. [43, 47]: the ⌫µ disappearance probability is symmetric with respect to the sign of

�m2
µµ given in eq. (3.4), while ⌫e disappearance is symmetric with respect to a slightly

di↵erent e↵ective mass-squared di↵erence:

�m2
ee = cos2 ✓12�m2

31 + sin2 ✓12�m2
32 . (3.10)

Hence, from a precise determination of the oscillation frequencies in ⌫µ and ⌫e disappear-
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full information of LBL accelerator and reactor experiments is used in the combination (including
the information on �m2

3` from reactors). In all panels �m2
21, sin

2 ✓12 are fixed to the global best
fit values.
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Figure 4. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from
the combined analysis of solar data for GS98 model (full regions with best fit marked by black
star) and AGSS09 model (dashed void contours with best fit marked by a white dot), and for the
analysis of KamLAND data (solid green contours with best fit marked by a green star) for fixed
sin2 ✓13 = 0.0224 (✓13 = 8.6). We also show as orange contours the results of a global analysis for
the GS98 model but without including the day-night information from SK. Right: ��2 dependence
on �m2

21 for the same four analyses after marginalizing over ✓12.

3.2 ✓23, �CP and mass ordering from LBL accelerator and MBL reactor exper-

iments

The determination of the atmospheric parameters ✓23 and �m2
3` is illustrated in fig. 5. We

observe significant synergy from combining the various experiments, since the combined

region is clearly smaller than any individual one. Moreover, the striking agreement of

LBL accelerator and MBL reactor data in the determination of �m2
3` within comparable

accuracy is a non-trivial cross check of the 3-flavour oscillation paradigm. Let us now

discuss in more detail how the indication of non-maximal mixing and preference for the

second octant for ✓23 emerges.

3.2.1 Disappearance results and non-maximal ✓23

We focus first on LBL disappearance data. The ⌫µ survival probability is given to good

accuracy by [42, 43]

Pµµ ⇡ 1� sin2 2✓µµ sin
2 �m2

µµL

4E⌫
, (3.2)

where L is the baseline, E⌫ is the neutrino energy, and

sin2 ✓µµ = cos2 ✓13 sin
2 ✓23 , (3.3)

�m2
µµ = sin2 ✓12�m2

31 + cos2 ✓12�m2
32 + cos �CP sin ✓13 sin 2✓12 tan ✓23�m2

21 . (3.4)
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νe and νμ disapp. complementarity in future
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Figure 6: ∆χ2 as a function of∆m2
31 with the wrong sign for PINGU, Daya Bay II, and the combination.

For PINGU we assume 1 year of data with σE = 2 GeV and σθν =
√

1GeV/Eν , statistical errors only,

and we minimize with respect to δ but keep all other oscillation parameters fixed. For Daya Bay II we take

an exposure of 1000 kt GW yr and assume an energy resolution of σE = 3.5%
√

1MeV/E. The dashed

curves corresponds to 5 years of neutrino data at 0.77 MW from T2K (not included in the “combined”

curve). We take the true values |∆m2
31| = 2.4 × 10−3 eV2, sin2 2θ13 = 0.092, sin2 θ23 = 0.5, δ = 0,

∆m2
21 = 7.59 · 10−5 eV2. For the left (right) panel the true mass ordering is normal (inverted).

4 Combination of PINGU and Daya Bay II

We now move to the main point of this work, the combination of data from a high-statistics

atmospheric and a medium-baseline reactor experiment. For our combined analysis of
PINGU and Daya Bay II, we need to consider the full three flavor framework in order

to properly assess the combined sensitivity. This is due to the fact that the effect we
are exploiting is mainly based on the impact of ∆m2

21 on the best fit of ∆m2
31 for the

wrong ordering. It is therefore necessary to take three flavour oscillations into account

without approximation in order to obtain reliable results. For computational reasons we
neglect the impact of systematic uncertainties in PINGU, however we will comment on

their impact later in this section.
The basic mechanism is illustrated in Fig. 6. We show the power of combining PINGU

and Daya Bay II results by plotting the individual ∆χ2 as well as their sum as a function of
the wrong sign ∆m2

31. With the parameters chosen for this plot neither of the experiments
would have a sensitivity to the neutrino mass ordering of more than two sigma. However,

the |∆m2
31| best fit values would differ significantly. This implies that the overall best

fit occurs at a value of |∆m2
31| which is not advantageous for either of the experiments

and therefore the sensitivity increases significantly, as can be seen from the red curve, to
between four and five sigma.

14
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Update on Gallium anomaly
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Figure 3: Comparison of the 90% allowed regions in
the |Ue4|2–�m2

41 plane obtained with the cross sections
in Table 5. The Bahcall and JUN45 allowed regions are
between the two corresponding curves. The Haxton and
Frekers allowed regions are enclosed by the corresponding
curves, without an upper limit on �m2

41.
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Figure 4: Comparison of the allowed regions in the
|Ue4|2–�m2

41 plane obtained from the Gallium data with
the JUN45 cross sections and the allowed regions obtained
from the analysis of the data of the NEOS, DANSS and
PROSPECT reactor experiments.

In 2011 Frekers et al. [5] published the measurements of BGT5/2� and BGT3/2� in the third
line of Table 6, obtained with 71Ga(3He, 3H)71Ge scattering. They found a finite value of BGT5/2�,
albeit with a large uncertainty, which is compatible with the upper limit of Krofcheck et al. [36, 37].
On the other hand, the Frekers et al. value of BGT3/2� is about 2.9� larger than that of Krofcheck
et al. If one considers these Gamow-Teller strengths as applicable to the ⌫e–71Ga cross section
without corrections due to the tensor contributions (that would require a theoretical calculation),
there is a significant increase of the 51Cr and 37Ar neutrino cross sections with respect to the
Bahcall cross sections and an increase of the gallium anomaly to 3.0�, as shown in Table 7.

From Table 5 one can also see that our JUN45 shell-model calculation of the Gamow-Teller
strengths, listed in the fourth row of Table 6, gives cross sections that are smaller than the previous
ones. As a result, the gallium anomaly decreases to 2.3�, as shown in Table 7.

The gallium anomaly has been considered as one of the indications in favor of short-baseline
neutrino oscillations due to active-sterile neutrino mixing (see the reviews in Refs. [38, 39, 40, 41]).
In the framework of the 3+1 mixing scheme, which is the simplest one that extends the standard
three-neutrino mixing with the addition of a sterile neutrino at the eV mass scale, the survival

9

• improved shell-model 
cross section calculations

• significance decreases 
3.0σ → 2.3σ

•smaller mixing angles, 
consistent with DANSS/
NEOS spectral 
distortions
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