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Neutrinos oscillate…
…and therefore have mass!
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• absence of right-handed neutrinos 
no Dirac mass for neutrinos 

• lepton-number is an accidental symmetry at the 
renormalizable level 
given SM fields and gauge symmetry, lepton number cannot 
be violated at dim. 4 → no Majorana mass can be generated

3

In the Standard Model neutrinos are massless

⇒ neutrino mass implies physics beyond the SM
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Giving mass to neutrinos Weinberg operator

The Weinberg operator
Assume there is new physics at a high scale �. It will manifest itself by
non-renormalizable operators suppressed by powers of �.

Weinberg 1979: there is only one dim-5 operator consistent with the
gauge symmetry of the SM, and this operator will lead to a Majorana
mass term for neutrinos after EWSB:

Y
2
Lc „̃ú „̃†

L

� ≠æ m‹ ≥ Y
2
È„Í

2

�

Seesaw:
neutrinos are light because of the
presence of the large energy scale
� ∫ È„Í
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?

• predicts violation of Lepton number 
by 2 units (Majorana mass!) 

• what is the new physics 
responsible for that operator? 

• what is the energy scale of the 
new physics?

Origin of neutrino mass?



Th. Schwetz - IFT Christmas Workshop, 17 Dec 20205

What is the energy scale of new physics responsible for 
neutrino mass?

Giving mass to neutrinos Weinberg operator

High-scale versus low-scale seesaw

m‹ ≥ Y
2
È„Í

2

� ¥ Y
2
(178 GeV)2

�
can obtain small neutrino masses by making � very large or Y very small
(or both)

I High scale seesaw: � ≥ 1014 GeV, Y ≥ 1
I "natural" explanation of small neutrino masses
I Leptogenesis
I very hard to test experimentally

I Low scale seesaw: � ≥ TeV, Y ≥ 10≠6

I link neutrino mass generation to new physics testable at colliders
I observable signatures in searches for LFV

µ æ e“, · æ µ“, µ æ eee, ...
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• Determination of 3-flavour oscillation parameters 
• Fate of hints for CP violation and mass ordering 

• Absolute neutrino mass and searches for lepton 
number violation 

• Fate of hints for exotic neutrino properties 
• Non-standard neutrino interactions 
• sterile neutrinos

6

Outline for the rest of the talk

take a phenomenological approach
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3-flavour neutrino parameters
Global data and 3-flavour oscillations

3-flavour oscillation parameters
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3-flavour e�ects are suppressed: �m
2
21 π �m

2
31 and ◊13 π 1 (Ue3 = s13e

≠i”)

∆ dominant oscillations are well described by e�ective two-flavour oscillations
∆ present data is already sensitive to sub-leading e�ects
∆ CP-violation is suppressed by ◊13
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Global data and 3-flavour oscillations

3-flavour neutrino parameters

I 3 masses: �m
2
21, �m

2
31, m0

I 3 mixing angles: ◊12, ◊13, ◊23

I 3 phases: 1 Dirac (”), 2 Majorana (–1,–2)

neutrino oscillations
absolute mass observables
lepton-number violation (neutrinoless double-beta decay)
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• the two mass-squared differences are separated roughly by a factor 30: 

• at least two neutrinos are massive — two possible orderings 

• mixing angles are large

8

The rough picture
Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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I The two mass-squared di�erences are separated roughly by a factor 30:
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I at least two neutrinos are massive

T. Schwetz (KIT) Neutrino physics I 41 / 63

Global data and 3-flavour oscillations Qualitative picture

Physical interpretation of mixing angles
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sin ◊13 = |Ue3| (‹e component in ‹3) = (‹3 component in ‹e)
tan ◊12 = |Ue2|

|Ue1| ratio of ‹2 and ‹1 component in ‹e

tan ◊23 = |Uµ3|
|U·3| ratio of ‹µ and ‹· component in ‹3
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Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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Summary - neutrino oscillations

The SM flavour puzzle
Lepton mixing:

◊12 ¥ 33¶

◊23 ¥ 45¶

◊13 ¥ 9¶
UPMNS = 1

Ô
3

Q
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R

db

Quark mixing:
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◊13 ¥ 0.2¶
UCKM =
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Global data and 3-flavour oscillations Qualitative picture

Complementarity of global oscillation data
param experiment comment
◊12 SNO, SuperK, (KamLAND) resonant matter e�ect in the Sun

◊23 SuperK, T2K, NOvA ‹µ disappearance
atmospheric (accelerator) neutrinos

◊13 DayaBay, RENO, D-Chooz ‹̄e disappearance
(T2K, NOvA) reactor experiments @ ≥ 1 km

�m
2
21 KamLAND, (SNO, SuperK) ‹̄e disappearance

reactor @ ≥ 180 km (spectrum)

|�m
2
31| MINOS, T2K, NOvA, DayaBay ‹µ and ‹̄e disapp (spectrum)

” T2K, NOvA + DayaBay very weak sensitivity
combination of (‹µ æ ‹e) + ‹̄e disap

I global data fits nicely with the 3 neutrinos from the SM
I a few “anomalies” at 2-3 ‡: LSND, MiniBooNE, reactor anomaly,

no LMA MSW up-turn of solar neutrino spectrum – SOLVED 2020 (!)
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⇒ global analysis (especially sub-leading 3-flavour effects) 

NuFit collaboration: www.nu-fit.org with M.C. Gonzalez-Garcia, M. Maltoni, et al.  
NuFIT 5.0: Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792  

compatible results from Bari (Lisi et al.) and Valencia (Tortola et al.) groups  

http://www.nu-fit.org
http://www.nu-fit.org
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NuFIT 5.0 (2020)
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NuFit 5.0 results
www.nu-fit.org

http://www.nu-fit.org
http://www.nu-fit.org
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NuFit 5.0 results

Global data and 3-flavour oscillations Global analysis

Global 3-flavour fit
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I robust determination
(relat. precision at 3‡):

◊12 (14%) , ◊13 (9%)
�m

2
21 (16%) , |�m

2
3¸| (6.7%)

I broad allowed range for ◊23 (27%),
non-significant indications for
non-maximality/octant

I ambiguity in sign of �m
2
3¸ æ

mass ordering
I values of ”CP ƒ 90¶ disfavoured
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Global data and 3-flavour oscillations Global analysis
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• preference for normal mass 
ordering ~3σ  
(subtle interplay of global data) 

• hints for „large“ CP violation ~2-3σ  
(mostly driven by T2K versus 
DayaBay)

12

CP violation and mass ordering

status about one year ago:

New data from T2K and NOvA 
at Neutrino20 (June 2020) 
neutrino samples increased by 32% / 54% resp.
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Global data and 3-flavour oscillations Global analysis

T2K and NOvA accelerator experiments

I ‹µ æ ‹µ and ‹̄µ æ ‹̄µ disappearance
I ‹µ æ ‹e and ‹̄µ æ ‹̄e appearance

The T2K Experiment

02/07/2020P. Dunne 6
295 km

Kamioka

J-PARC

Tokai

Super-K
• Muon (anti) neutrino beam generated at J
• Beam travels 295 km to large SK far detector to be 

measured after oscillations
• Near detector complex, ND280 constrains beam flux and 

interaction cross
• Important to constrain non

avoid bias
Near 
Detector

The NOvA Experiment
• Long-baseline	neutrino	
oscillation	experiment

• NuMI beam:	νμ or	ν̅μ
• 2	functionally	identical,	tracking	
calorimeter	detectors
– Near:	300	T	underground
– Far:	14	kT on	the	surface
– Placed	off-axis	to	produce	a	
narrow-band	spectrum

• 810	km	baseline
– Longest	baseline	of	current	
experiments.

Take a tour 
in VR!
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Global data and 3-flavour oscillations Global analysis

Latest restults from T2K and NOvA
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T2K and NOvA Neutrino20 νµ→νe appearance results
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Global data and 3-flavour oscillations Global analysis

Latest restults from T2K and NOvA
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determined by DayaBay, RENO, DoubleChooz

T2K and NOvA Neutrino20 νµ→νe appearance results
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• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO

15

Status of mass ordering and CP phase
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Figure 1. Predicted number of events as a function of �CP for the T2K (left) and NOvA (right)
appearance data sets. sin2 ✓23 varies between 0.44 and 0.58, where the lower-light (upper-dark)
bound of the colored bands corresponds to 0.44 (0.58). Red (blue) bands correspond to NO (IO).
For the other oscillation parameters we have adopted sin2 ✓13 = 0.0224, |�m2

3`| = 2.5⇥ 10�3 eV2,
sin2 ✓12 = 0.310, �m2

21 = 7.39⇥ 10�5 eV2. The horizontal dashed lines show the observed number
of events, with the ±1� statistical error indicated by the gray shaded band.

accomodate the observed number of events within 1�. It seems that part of previous

hints can be attributed to a statistical fluctuation in this sub-leading event sample. Let

us stress, however, that due to the small CC1⇡ event numbers, statistical uncertainties

are large. Indeed, CCQE neutrino and anti-neutrino events consistently point in the same

direction and they are both fitted best with NO and maximal CP phase.

Moving now to NOvA, we first observe from figure 1 the larger separation between the

NO and IO bands compared to T2K. This is a manifestation of the increased matter e↵ect

because of the longer baseline in NOvA. Next, neutrino data have r ⇡ 1 which can be

accommodated by (NO, �CP ' ⇡/2) or (IO, �CP ' 3⇡/2). This behavior is consistent with

NOvA anti-neutrinos, however in tension with T2K in the case of NO. We conclude from

these considerations that the T2K and NOvA combination can be best fitted by IO and
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Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two
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• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO
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Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two
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T2K and NOvA are statistically consistent for both orderings
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Figure 3. 1� and 2� allowed regions (2 dof) for T2K (red shading), NOvA (blue shading) and
their combination (black curves). Contours are defined with respect to the local minimum for IO
(left) or NO (right). We are fixing sin2 ✓13 = 0.0224, sin2 ✓12 = 0.310, �m2

21 = 7.40⇥ 10�5 eV2 and
minimize with respect to |�m2

3`|.

experiments are statistically consistent. We are going to quantify this later in section 2.3.

2.2 Accelerator versus reactor

In the previous section we have discussed the status of the hints on CP violation and

neutrino mass ordering in the latest LBL data. In the context of 3⌫ mixing the relevant

oscillation probabilities for the LBL accelerator experiments depend also on ✓13 which is

most precisely determined from reactor experiments (and on the ✓12 and �m2
21

parameters

which are independently well constrained by solar and KamLAND data). So in our discus-

sion, and also to construct the �2 curves and regions shown in figs. 2, 3, and 4 for T2K,

NOvA, Minos, and the LBL-combination, those parameters are fixed to their current best

fit values. Given the present precision in the determination of ✓13 this yields very similar

results to marginalize with respect to ✓13, taking into account the information from reactor

data by adding a Gaussian penalty term to the corresponding �2

LBL
.

Let us stress that such procedure is not the same as making a combined analysis of

LBL and reactor data, compare for instance the blue solid versus black/blue dashed curves

in fig. 2. This is so because relevant additional information on the mass ordering can be

obtained from the comparison of ⌫µ and ⌫e disappearance spectral data [22, 23]. In brief, the

relevant disappearance probabilities are approximately symmetric with respect to the sign

of two e↵ective mass-squared di↵erences, usually denoted as �m2
µµ and �m2

ee, respectively.

They are two di↵erent linear combinations of �m2
31

an �m2
32
. Consequently, the precise

determination of the oscillation frequencies in ⌫µ and ⌫e disappearance experiments, yields

information on the sign of �m2

3`. This e↵ect has been present already in previous data (see,

e.g., Ref. [2] for a discussion). We see from the two lower-left panels of figure 4 that the

region for |�m2

3`| for IO from the LBL combination (blue curve) is somewhat in tension

– 6 –
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5

TABLE I. Summary of signal and backgrounds. Rates are corrected for the muon veto and multiplicity selection efficiencies "µ · "m. The
procedure for estimating accidental, fast neutron, Am-C, and (↵,n) backgrounds is unchanged from Ref. [7].

EH1 EH2 EH3
AD1 AD2 AD3 AD8 AD4 AD5 AD6 AD7

⌫e candidates 830036 964381 889171 784736 127107 127726 126666 113922
DAQ live time (days) 1536.621 1737.616 1741.235 1554.044 1739.611 1739.611 1739.611 1551.945

"µ ⇥ "m 0.8050 0.8013 0.8369 0.8360 0.9596 0.9595 0.9592 0.9595
Accidentals (day�1) 8.27± 0.08 8.12± 0.08 6.00± 0.06 5.86± 0.06 1.06± 0.01 1.00± 0.01 1.03± 0.01 0.86± 0.01

Fast neutron (AD�1 day�1) 0.79± 0.10 0.57± 0.07 0.05± 0.01
9Li/8He (AD�1 day�1) 2.38± 0.66 1.59± 0.49 0.19± 0.08

Am-C correlated(day�1) 0.17± 0.07 0.15± 0.07 0.14± 0.06 0.13± 0.06 0.06± 0.03 0.05± 0.02 0.05± 0.02 0.04± 0.02
13C(↵, n)16O (day�1) 0.08± 0.04 0.06± 0.03 0.04± 0.02 0.06± 0.03 0.04± 0.02 0.04± 0.02 0.04± 0.02 0.04± 0.02

⌫e rate (day�1) 659.36± 1.00 681.09± 0.98 601.83± 0.82 595.82± 0.85 74.75± 0.23 75.19± 0.23 74.56± 0.23 75.33± 0.24

Nfar,pred
i , given in Eq. 2:

N far,pred
i = wi

�
✓13,�m2

ee

�
⇥Nnear,obs

i . (2)

The predicted rate is based on the measurements in the
near halls, Nnear,obs

i , with minimal dependence on models
of the reactor ⌫e flux. Weight factors wi account for
the difference in near and far hall measurements, including
detection efficiencies, target mass differences, reactor power
and distance from each core, and oscillation probability.
The 6, 8, and 7 AD periods are treated separately in order
to properly handle correlations in reactor ⌫e flux, detector
response, and background.

To evaluate the oscillation parameters, a �2 is defined
in Eq. 3, where the statistical component of the covariance
matrix V is estimated analytically, and the systematic
component is evaluated from simulations:

�2 =
X

i,j

(N far,obs
j �N far,pred

j )(V �1)ij(N
far,obs
i �N far,pred

i ).

(3)
This approach is described in detail as Method A in Ref. [7].

Using this method, values of sin2 2✓13=0.0856±0.0029
and �m2

ee=(2.522+0.068
�0.070)⇥10�3 eV2 are obtained, with

�2/NDF = 148.0/154. Consistent results are obtained
using Methods B or C in Ref. [7]. Analysis using the exact
⌫e disappearance probability for three-flavor oscillations
yields �m2

32 = (2.471+0.068
�0.070) ⇥ 10�3 eV2 (�m2

32 =

�(2.575+0.068
�0.070) ⇥ 10�3 eV2) assuming normal (inverted)

hierarchy. Statistics contribute 60% (50%) to the total
uncertainty in the sin2 2✓13 (�m2

ee) measurement. The
systematic uncertainty of sin2 2✓13 is dominated by the
detection efficiency uncertainty uncorrelated among detectors
and the reactor ⌫e flux prediction, while that of �m2

ee is
dominated by the uncorrelated energy scale uncertainty.

The reconstructed prompt energy spectrum observed in the
far site is shown in Fig. 3, as well as the best-fit predictions.
The 68.3%, 95.5%, and 99.7% C.L. allowed regions in the
�m2

ee- sin2 2✓13 plane are shown in Fig. 4.
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FIG. 3. The background-subtracted spectrum at the far site (black
points) and the expectation derived from near-site measurements
excluding (red line) or including (blue line) the best-fit oscillation.
The bottom panel shows the ratios of data over predictions with no
oscillation. The shaded area is the total uncertainty from near-site
measurements and the extrapolation model. The error bars represent
the statistical uncertainty of the far-site data. The inset shows the
background components on a logarithmic scale. Detailed spectra
data are provided as Supplemental Material [14].

In summary, new measurements of sin2 2✓13 and �m2
ee are

obtained with 1958 days of data and reduced systematic
uncertainties. This is the most precise measurement of
sin2 2✓13, and the precision of �m2

32 is comparable to that
of the accelerator-based experiments [19–21].
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• Two samples with μ-like rings (one in ν-mode, one in $ν-mode)
• Systematic uncertainty (red band) on rate is 3.0 (4.0)% in ν-mode ($ν-mode)
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Consistency of µ and e disappearance
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Consistency of µ and e disappearance
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slightly different effective mass-squared differences: -/+ for NO/IO   Nunokawa, Parke, Zukanovich, 05

<latexit sha1_base64="hK7LRVbu1MWY80zsl/PkXyP2PUM="></latexit>

|�m2
µµ| = |�m2

ee|⌥�m2
21 [cos 2✓12 � cos � sin ✓13 sin 2✓12 tan ✓23]



Th. Schwetz - IFT Christmas Workshop, 17 Dec 2020

• T2K and NOvA better 
compatible for IO → 
LBL combination best 
fit for IO 

• LBL/reactor determ of 
Δm2 better for NO → 

• overall preference for 
NO with Δ𝝌2 = 2.7 
(was 6.2 in 2019)
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Figure 2. ��2 profiles as a function of �CP for di↵erent LBL data sets and their combination.
We have fixed sin2 ✓13 = 0.0224 as well as the solar parameters and minimized with respect to ✓23
and |�m2

3`|. The black/blue dashed curves correspond to the combination of LBL data with the
reactor experiments Day-aBay, RENO, Double-Chooz, and in this case also ✓13 is left free in the
fit. Left (right) panels are for IO (NO) and ��2 is shown with respect to the global best fit point
for each curve. Upper panels are for the NuFIT 4.1 data set, whereas lower panels correspond to
the current update.

�CP ' 3⇡/2. This is indeed confirmed in figure 2, showing the ��2 profiles as a function of

�CP. We observe in the lower-right panel that NOvA disfavors (NO, �CP ' 3⇡/2) by about

4 units in �2, whereas in the lower-left panel we see for IO consistent preference of T2K

and NOvA for �CP ' 3⇡/2. For the combination this leads to a preferred best fit for IO

with ��2(NO) ⇡ 1.5 (which of course is not significant). We can also see that this e↵ect

was less relevant in NuFIT 4.1 (fig. 2, upper panels) for which we had r = 1.3 – compared

to current 1.14 – for NOvA neutrino data. This slightly higher ratio allowed some more

enhancement of the square-bracket in eq. (2.4) compared to the present situation, leading

to less tension between T2K and NOvA for NO. It also lead to a larger significance of

NOvA for NO.

The two-dimensional regions for T2K and NOvA in the (�CP, sin
2 ✓23) plane for fixed

✓13 are shown in figure 3. The better consistency for IO is apparent, while we stress that

even for NO the 1� regions touch each other, indicating that also in this case the two

– 5 –

0

5

10

15

∆
χ

2

Reactors
Minos
NOvA
T2K
LBL-comb

-3 -2.8 -2.6 -2.4 -2.2

∆m
2

32
 [10

-3
 eV

2
]

0

5

10

15

∆
χ

2

2.2 2.4 2.6 2.8 3

∆m
2

31
 [10

-3
 eV

2
]

Reactors
Minos
NOvA
T2K
LBL-comb

NuFIT 4.1 (2019)

NuFIT 5.0 (2020)

0

5

10

15

∆
χ

2

Minos
NOvA
T2K
LBL-comb
LBL-react

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

0

5

10

15

∆
χ

2

0.3 0.4 0.5 0.6 0.7

sin
2
θ

23

Minos
NOvA
T2K
LBL-comb
LBL-react

NuFIT 4.1 (2019)
IO NO

NuFIT 5.0 (2020)

Figure 4. ��2 profiles as a function of �m2
3` (left) and sin2 ✓23 (right) for di↵erent LBL data

sets and their combination. In the left 4 panels we show also the combined reactor data from
Daya-Bay, RENO and Double-Chooz. For all curves we have fixed sin2 ✓13 = 0.0224 as well as the
solar parameters and minimized with respect to the other un-displayed parameters. ��2 is shown
with respect to the best fit mass ordering for each curve. Upper panels are for the NuFIT 4.1 data
set, whereas lower panels correspond to the current update.

with the one from the reactor experiments Daya-Bay, RENO and Double-Chooz (black

curve), while they are in quite good agreement for NO.

In the accelerator-reactor combination this leads again to a best fit point for NO, with

��2(IO) = 2.7, considerably less than the value 6.2 of NuFIT 4.1. This is explicitly shown,

for example, in the LBL-reactor curves in fig. 2. For the NO best fit, a compromise between

T2K and NOvA appearance data has to be adopted, avoiding over-shoting the number of

neutrino events in NOvA while still being able to accommodate both neutrino and anti-

neutrino data from T2K, see figure 1. This leads to a shift of the allowed region towards

�CP = ⇡ and a rather wide allowed range for �CP for NO, see figures 2 and 3. On the

other hand, we see from these figures that for IO, both T2K and NOvA prefer �CP ' 270�.

Consequently, if we restrict to this ordering, CP conservation remains disfavored at ⇠ 3�.

The behaviour as a function of sin2 ✓23 is shown in fig. 3 and the right panels of

figure 4. It is mostly driven by the two T2K neutrino samples. As follows from eq. (2.4),

their predicted event rate can be enhanced by increasing sin2 ✓23. Therefore, in order to

compensate for the reduction in IO, a slight preference for the second ✓23 octant emerges

for IO. In case of NO, this is less preferrable, since large sin2 ✓23 would worsen the T2K

anti-neutrino fit as well as NOvA neutrino data.

– 7 –
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Mass ordering - atmospheric neutrinos

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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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

• 𝝌2(IO) - 𝝌2(NO) = 4.3 

• analysis not reproducable outside SK 

•add 𝝌2 table to global fit („black box“)
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• global analysis (using SK I-IV, 1710.09126):  
𝝌2(IO) - 𝝌2(NO) = 2.7 (no SK) → 7.1 (w SK) 2.7σ was 10.4 (3.2σ) in 2019 

• NOTE: recent SK update @ Neutrino20: improved analysis: 
𝝌2(IO) - 𝝌2(NO) = 4.3 → 3.2              (𝝌2 table not available yet)
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• cosmology 

• beta-decay endpoint 

• double beta-decay

23

Absolute neutrino mass



Th. Schwetz - IFT Christmas Workshop, 17 Dec 2020

• finite neutrino mass affects growth of structure in the Universe 

• sensitivity of CMB and large-scale structure observables

24

Neutrino mass from cosmology

Structure formation Neutrino mass bound from cosmology

Neutrino mass bound from cosmology

ÿ
m‹ < 0.24 eV (CMB)

ÿ
m‹ < 0.12 eV (CMB+BAO)

limits at 95% CL

Planck 1807.06209

Planck Collaboration: Cosmological parameters
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in the�
m�–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne� . The grey band on the left shows
the region with

�
m� < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly� forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly� is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

�
m� < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
�

m� >� 0.1 eV) indepen-
dently of Ly� data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne� , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

�rad = Ne�
7
8

�
4

11

�4/3
��. (64)

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne�–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne� < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

The standard cosmological model has Ne� � 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne� . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne� (� Ne� � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-
servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne� = g
�

43
4 gs

�4/3
�
�

4/7 boson,
1/2 fermion, (65)

where gs is the e�ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.37 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <� T <� 100 MeV, which produces
�Ne� = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne� � 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne� must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne�
as a free parameter. We allow Ne� < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne� �
3.046, with the new low-� polarization constraint lowering the

37For most of the thermal history gs � g�, where g� is the e�ective
degrees of freedom for density, but they can di�er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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I currently strongest bounds on absolute neutrino mass (see later)
I severe constraint for light sterile neutrinos
I rather stable wrt to modifications of cosmology

T. Schwetz (KIT) Neutrino physics II 37 / 42

for review, e.g., Lesgourgues, Pastor [astro-ph/0603494]
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Neutrino mass from cosmologyStructure formation Neutrino mass bound from cosmology

Cosmology is sensitive to the sum of neutrino masses

3ÿ

i=1
mi =

;
m0 +


�m2

21 + m2
0 +


�m2
31 + m2

0 (NO)
m0 +


|�m2

32| + m2
0 +

|�m2

32|≠�m2
21 + m2

0 (IO)

minimum values for m0 = 0:

ÿ
mi
---
min

=
I

58.5 ± 0.48 meV (NO)
98.6 ± 0.85 meV (IO)

I current limit close to IO minimum
I detection of non-zero neutrino mass

expected soon!

T. Schwetz (KIT) Neutrino physics II 38 / 42

e.g. Archidiacono et al., 1808.05955 
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Excluding inverted ordering with cosmology?Structure formation Neutrino mass bound from cosmology

Excluding IO with cosmology?

Planck CMB + BAO (2016)
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Figure 1: Posterior likelihood function from current data (Planck+BAO+H0). The left panel shows the

posterior likelihood function for �, where we indicate the predicted values for NO and IO in the case of

m0 = 0; the width of the lines corresponds to ±2� uncertainty due to current oscillation data. The gray

shaded region indicates the one-sided upper bound on � at 95% CL (flat prior in �). The right panel shows

the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization. The

dashed, dot-dashed, solid curves correspond to the approximation that 1, 2, 3 massive neutrinos contribute

to � (see text for details).

none of these scenarios actually corresponds to the realistic cases of NO or IO with mass-

squared di�erences constrained by oscillations. However, the spread in the results will be

indicative for our assumption that cosmology is sensitive only to �. Indeed we confirm that

within the numerical accuracy all three models lead to an upper bound of 0.14 eV (95% CL).

The posterior likelihood function is shown in fig. 1. The left panel shows the likelihood

as a function of �, and we indicate the predicted values for � for NO and IO assuming

m0 = 0, as well as the 95% CL upper bound on �, assuming a flat prior in � � 0. Note

that the region of largest likelihood, for � < 59 meV, is actually unphysical, since such small

values for the sum of the neutrino masses are inconsistent with neutrino oscillation data.

Hence, this region will be cut away once the sum is expressed using eq. (1.1) and imposing

the physical requirement of m0 � 0.

In order to apply eq. (2.2) to calculate the probability of IO vs NO we translate the

likelihood into a posterior likelihood as a function of m0 by using eq. (1.1).2 The resulting

likelihoods are shown in the right panel of fig. 1. The posterior odds for NO versus IO are

given by the ratio of the integrals over those two curves weighted by the prior probabilities

for the orderings. Assuming equal prior probabilities for NO and IO, eq. (2.2) leads to a

probability for IO of pI = 0.35, which corresponds to posterior odds for NO versus IO of

about 1.9:1. Clearly, using even quite restrictive assumptions about the cosmological model

2We neglect the uncertainty induced by the uncertainty on the mass-squared di�erences from oscillation

data. For an accuracy on � larger than 0.01 eV this is an excellent approximation, see also sec. 4.

5

Planck CMB + EUCLID (202x)
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Figure 2: Posterior likelihood function from simulated future data (EUCLID+Planck CMB). The left

panel shows the posterior likelihood function for � for a fiducial model with one massive neutrino with

m� = 0.06 eV and two massless neutrinos. We indicate the predicted values for NO and IO in the case of

m0 = 0; the width of the lines corresponds to ±2� uncertainty due to current oscillation data. The gray

shaded region indicates the one-sided upper bound on � at 95% CL (flat prior in �). The right panel shows

the posterior likelihood as a function of m0 for NO and IO with appropriate relative normalization.

as above we transform the likelihood now into a likelihood for m0 assuming either NO or IO,

see right panel. We ignore the small e�ects of the di�erent orderings of the neutrino masses

and use the same likelihood to describe both normal and inverted orderings. As mentioned

above this should be an excellent approximation for the used data set. The relative posterior

likelihood for NO and IO is given by the ratio of the areas under the two curves. Assuming

equal prior probabilities for NO and IO we obtain a probability for IO according to eq. (2.2)

of 8%, which corresponds to posterior odds of NO versus IO of approximately 12:1.

4 Sensitivity estimates with a Gaussian toy likelihood

From fig. 2 one can see that the likelihood function as a function of � is close to Gaussian.

This is certainly true for the simulated EUCLID data, but holds approximately also for

present data. To estimate the required accuracy needed on � to exclude IO we assume

therefore that the likelihood function from cosmology can be approximated by

L(�obs|m0, O) =
1�
2��

exp

�
�(�obs � �(m0, O))2

2�2

�
(4.1)

where �(m0, O) is given in eq. (1.1), and �2 = �2
osc + �2

obs, with �osc(m0, O) being the error

on � induced by the uncertainty on the mass-squared di�erences according to eq. (1.2), and

�obs is the accuracy on � assumed for the cosmological data. From eq. (1.3) we see that

�osc is below 1 meV for both orderings and m0 = 0. For non-zero m0, �osc is even smaller.

Hence, for �obs � 0.01 eV, the uncertainty on � from oscillation data is negligible.

7

Hannestad, Schwetz, 2016

T. Schwetz (KIT) Neutrino physics II 39 / 42

Hannestad, Schwetz, 1606.04691

see also: Archidiacono, de Salas, Gariazzo, Mena, Ternes, Tortola, 1801.04946;…
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Kinematic mass in β decay

Absolute neutrino mass Beta decay – the KATRIN experiment

Take into account neutrino mixing
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phase space factor close 
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mass states

Absolute neutrino mass Beta decay – the KATRIN experiment
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Kinematic mass in β decay
Absolute neutrino mass Beta decay – the KATRIN experiment

KATRIN 2019 Aker et al., 1909.06048

5

10�3 precision [44]. The average isotopic tritium purity
�T (0.976) of our analyzed data sample is derived from
the composition of the tritiated species T2 (0.953), HT
(0.035) and DT (0.011), with inactive species (D2, HD
and H2) being present only in trace amounts.

Due to the large number of �-decays and ionization
processes, a cold magnetized plasma of electrons (meV
to keV scale) and ions (meV scale) is formed which in-
teracts with the neutral gas. The strong solenoidal field
BWGTS and the resulting large longitudinal conductance
of the plasma allow the coupling of its potential to the
surface of the Rear Wall (RW) located at the RS and thus
to control the starting energies of �-decay electrons over
the volume [45]. Biasing the gold-plated RW disk with
small areal variation of the work function to �0.15 V rel-
ative to the grounded beam tube gives a very good radial
homogeneity of the source potential. This is verified dur-
ing initial tritium scans with fits of E0 over detector pixel
rings, which do not show a significant radial variation.

Additional information on plasma e�ects is provided
by comparing the line shape and position of quasi-
monoenergetic conversion electrons (L3-32) from 83mKr-
runs in T2 to 83mKr-runs without the carrier gas at 100 K
[46]. We do not identify sizeable shifts (< 0.04 eV) or
broadening (< 0.08 eV) of lines so that the contribution
of plasma e�ects at �dexp to the systematic error budget
in Table I can be neglected.

The integral tritium �-decay spectrum is scanned re-
peatedly in a range from [E0 � 90 eV, E0 + 50 eV] by
applying a set of non-equidistant HV settings to the in-
ner electrode system. Each scan over this range takes
a net time of about 2 h and is performed in alternating
upward and downward directions to compensate for any
time-dependent drift of the system to first order. At each
HV set point, the transmitted electrons are counted over
time intervals varying from 17 to 576 s with typical val-
ues of � 300 s for points close to E0. When setting a new
HV value, we make use of a custom-made post-regulation
system for voltage stabilization and elimination of high-
frequency noise. At the same time, a custom-made HV
divider [47] continuously monitors the retarding voltage
with ppm precision.

For this work we analyze a scan range covering the re-
gion of 40 eV below E0 (22 HV set points) and 50 eV
above (5 HV set points). The non-uniform measuring
time distribution in this interval is shown in Fig. 3 c). It
maximizes the sensitivity for m2

� by focusing on the nar-
row region below E0, where the imprint of the neutrino
mass on the spectrum is most pronounced [20]. Shorter
time intervals with a set point 200 V below E0 are in-
terspersed to monitor the source activity, in addition to
other measures [48].

Data Analysis.- For each tritium scan with its 27 HV
set points, we apply quality cuts to relevant slow-control
parameters to select a data set with stable run condi-
tions. This results in 274 scans with an overall scanning
time of 521.7 h. We also define a list of 117 detector
pixels (out of 148), which excludes those pixels that are

a)

18535 18555 18575 18595 18615

10
0

10
1

C
o

u
n

t 
ra

te
 (

cp
s)

 KATRIN data with 1  errorbars  50
 Fit result

b)

18535 18555 18575 18595 18615
-2

0

2

R
es

id
u

al
s 

(
)

Stat. Stat. and syst.

c)

18535 18555 18575 18595 18615

Retarding energy (eV)

0

20

40

T
im

e 
(h

)

FIG. 3. a) Spectrum of electrons R(�qU�) over a 90 eV-
wide interval from all 274 tritium scans and best-fit model
Rcalc(�qU�) (line). The integral �-decay spectrum extends up
to E0 on top of a flat background Rbg. Experimental data are
stacked at the average value �qU�l of each HV set point and
are displayed with 1-� statistical uncertainties enlarged by a
factor 50. b) Residuals of R(�qU�) relative to the 1-� uncer-
tainty band of the best fit model. c) Integral measurement
time distribution of all 27 HV set points.

noisy or shadowed by beamline instrumentation in the �-
electron path along the magnetic flux-tube. For the digi-
tized, calibrated and pile-up-corrected detector spectra a
broad region of interest (ROI) between 14 and 32 keV is
defined. The ROI takes into account the detector energy
resolution and its elevated potential (+10 kV) and allows
us to include a large fraction of electrons backscattered
at the detector in the narrow scan region close to E0 [32].

The long-term stability of the scanning process is ver-
ified by fits to single scans to extract their e�ective
�-decay endpoints. The 274 fit values show no time-
dependent behavior and follow a Gaussian distribution
(� = 0.25 eV) around a mean value. In view of this and
the very good overall stability of the slow-control param-
eters for our data set, we merge the data of all 274 scans
over all 117 pixels into one single 90-eV-wide spectrum,
which is displayed in Fig. 3 a) in units of cps.

The underlying process corresponds to the “stacking”
of events at the mean HV set points �qU�l (l = 1 � 27).
The small Gaussian spread (RMS = 34 mV) of the actual
HV value qUl,k during a scan k relative to �qU�l, the
average of all scans, is a minor systematic e�ect which
is accounted for in the analysis. The resulting stacked
integral spectrum, R(�qU�), comprises 2.03 · 106 events,
with 1.48 · 106 �-decay electrons below E0 and a flat
background ensemble of 0.55 · 106 events in the 90 eV

7

employ a two-fold “blinding” scheme. The first blind-
ing step leaves the data untouched, but a modification
is applied during the building of the model Rcalc(�qU�).
The FSD part describing rovibrational excitations of the
electronic ground state is replaced with a Gaussian dis-
tribution with parameters not accessible to the analysis
at first. As a result, fits with the blinded FSD do not
reveal the unbiased value of m2

� . The “true” FSD is re-
vealed only at the last step (“unblinding”) after having
fixed all model inputs and systematic uncertainties.

The second measure to mitigate biasing is to perform
the full analysis, including parameter fitting, using Monte
Carlo-based (MC) data sets first, before turning to the
experimental data. For each experimental scan k we gen-
erate a “MC twin”, Rcalc(�qU�)k, from its averaged slow-
control parameters to procure R�(E)k, fcalc(E � �qU�)k

and Rbg,k. Analysis of “MC twins” allows us to verify
the accuracy of our parameter inference by recovering the
correct input MC-values for m2

� . This approach is also
used to assess statistical (�stat) and systematic (�syst)
uncertainties and to compute our expected sensitivity.

In the following we report on the results of two inde-
pendent analyses with di�erent strategies to propagate
systematic uncertainties: the “Covariance Matrix” and
the “MC propagation” approaches.

In the covariance method we fit the experimental spec-
trum R(�qU�) with the model Rcalc(�qU�) by minimizing
the standard �2-estimator. To propagate the systematic
uncertainties, a covariance matrix is computed after per-
forming O(104) simulations of Rcalc(�qU�), while varying
the relevant parameters for each calculation according to

FIG. 4. Scatter plot of fit values for the mass square m2
� and

the e�ective �-decay endpoint E0 together with 1-� (black)
and 2-� (blue) error contours around the best fit point (cross).
It follows from a large set of pseudo-experiments emulating
our experimental data set and its statistical and systematical
uncertainties.

the likelihood given by their uncertainties [35, 53, 54].
The resulting systematic uncertainties agree with the val-
ues shown in Table I, which is based on the second ap-
proach. The sum of all matrices encodes the total uncer-
tainties of Rcalc(�qU�) and their HV set point dependent
correlations. The �2-estimator is then minimized to de-
termine the 4 best-fit parameters, and the shape of �2-
function is used to infer the uncertainties. The results of
this fit are displayed in Fig. 3. We obtain a goodness-of-
fit of �2 = 21.4 for 23 d.o.f., corresponding to a p-value
of 0.56.

The MC-propagation approach is a hybrid Bayesian-
frequentist method, adapted from Refs. [55–57]. We
fit the experimental spectrum R(�qU�) with the
model Rcalc(�qU�) by minimizing the negative Poisson-
likelihood function. The goodness-of-fit of �2 ln L = 23.3
for 23 d.o.f. corresponds to a p-value of 0.44. To prop-
agate the systematic uncertainties, we repeat the fit 105

times, while varying the relevant parameters in each fit
according to their uncertainties given in column 2 of Ta-
ble I.

We report the 1-� width of the fit-parameters as their
systematic uncertainty in the third column of Table I.
In order to simultaneously treat statistical and all sys-
tematic uncertainties, each of the 105 fits is performed
on a statistically fluctuated MC-copy of the true data
set, leading to the distributions of m2

� and E0 shown in
Figure 4. The strong correlation (0.97) between the two
parameters is an expected feature in kinematic studies of
�-decay [11, 12]. The final-best fit is given by the mode
of the fit-parameter distributions and the 1-� total error
is determined by integrating the distributions up to 16%
from either side.

Results.- The two independent methods agree to within
a few percent of the total uncertainty. As best fit value for
the neutrino mass we find m2

� = (�1.0 + 0.9
� 1.1) eV2. This

best fit result corresponds to a 1-� statistical fluctuation
to negative values of m2

� possessing a p-value of 0.16.
The total uncertainty budget of m2

� is largely dom-
inated by �stat (0.97 eV2) as compared to �syst (0.32
eV2). As displayed in Table I, the dominant contribu-
tions to �syst are found to be the non-Poissonian back-
ground from radon and the uncertainty on the back-
ground slope, which is constrained from the wide-energy
integral scans of the earlier “first tritium” data [35]. Un-
certainties of the column density, energy-loss function,
final-state distribution, and magnetic fields play a minor
role in the budget of �syst. Likewise, the uncertainties
induced via fluctuations of �T and HV parameters dur-
ing a scan are negligibly small compared to �stat. The
statistical (systematic) uncertainty of our first result on
m2

� is smaller by a factor of 2 (6) compared to the final
results of Troitsk and Mainz [24, 25].

The methods of Lokhov and Tkachov (LT) [58] and of
Feldman and Cousins (FC) [59] are then used to calcu-
late the upper limit on m� . Both procedures avoid empty
confidence intervals for non-physical negative best-fit es-
timates of m2

� . For this first result we follow the LT

m2

— = ≠1.0+0.9
≠1.1 eV2 m— < 1.1 eV (90% CL)
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Absolute neutrino mass Beta decay – the KATRIN experiment

Cosmology and — decay observables

T. Schwetz (KIT) Neutrino physics III 14 / 45

based on ~3 weeks data 
updated results expected soon!
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Neutrinoless double-beta decay

Absolute neutrino mass

Absolute neutrino mass
Three ways to measure absolute neutrino mass:
sensitive to di�erent quantities

I Cosmology
(with caveats: cosmological model/data selection)
q

i mi

I Endpoint of beta spectrum: 3H æ3He +e≠ + ‹̄e

(experimentally challenging æ KATRIN)
m2

— =
q

i |U2

ei |m2

i

I Neutrinoless double beta-decay: (A, Z ) æ (A, Z + 2) + 2e≠

(with caveats: lepton number violation)
mee = |

q
i U2

eimi |
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Michal Malinský, IPNP Neutrino colloquium 2019 / many10

Actually, we like LNV and Majorana neutrinos...

Neutrinoless double beta decay

See talks by Fedor Simkovic, David Waters,...

effective mass:

coherent sum over 
mass states

neutrino mass interpretation affected by nuclear matrix elements and Majorana phases
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Neutrinoless double-beta decay
Mass observables

mββ < [0.08,0.18] eV

-> Planck+BAO:   Σ <  0.12 eV 
-> [Aghanim et al., arXiv:1807.06209]

-> KATRIN: mβ <  1.1 eV  
-> [Aker et al., Phys.Rev.Lett. 123 (2019) no.22, 221802]

e-

76Ge e-

76Se

ν=ν
_

NME uncertainty 
[Engel, Menéndez, Rept.Prog.Phys. 80 (2017) no.4, 046301]three flavour oscillation parameters from [Esteban et al., JHEP 09 (2020) 178]

others:

KamLAND-Zen:

< [0.05,0.23] eV
CUORE:

< [0.07,0.34] eV

● given “standard” assumptions 0νββ decay searches constrain neutrino mass 

● interplay with cosmology / direct mass measurements
[Science 365 (2019) 1445]

->  mlight < [0.1,0.5] eV, sum < [0.2,1.5] eV, mb < [0.1,0.5] eV

11
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plot adapted from S. Schönert

neutrino mass interpretation affected by nuclear matrix elements and Majorana phases
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neutrino mass interpretation affected by nuclear matrix elements and Majorana phases
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• a unique prediction is the Majorana nature of neutrinos, which implies 
breaking of lepton number 

• observation of neutrinoless double beta decay would prove that lepton 
number is violated by 2 units, as predicted by the Weinberg operator  

• Majorana mass term will be induced at some level

32

<  >    <  >    

?

• what is the new physics 
responsible for that operator? 

• what is the energy scale of the 
new physics?

Weinberg operator:

Schechter, Valle, 1982, Takasugi, 1984

Neutrinoless double-beta decay

Absolute neutrino mass

Absolute neutrino mass
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Lepton number violation!
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• need signs of „new physics“ related to neutrinos 
(little guidance from theory) 

• phenomenological approach:  
search for signals beyond standard 3-flavour paradigm

33

<  >    <  >    

?

• what is the new physics 
responsible for that operator? 

• what is the energy scale of 
the new physics?
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Anomalies inconsistent with 3-flavour paradigm
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• slight tension between solar neutrino data and the 
KamLAND reactor experiment in determination of Δm221 
(non-standard interactions?)  

• short-baseline anomalies:  
LSND, MiniBOONE, reactor, Gallium  
(sterile neutrinos?)

34

Anomalies inconsistent with 3-flavour paradigm
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long-standing tension between Δm2 from KamLAND and solar neutrinos: 

• missing up-turn of high-energy solar neutrino spectrum 

• too large day-night effect

35

Small „tension“ (2σ) in 12 sector
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• new SuperK solar neutrino data @ Neutrino20: 
• spectrum better compatible with KamLAND prediction 
• day/night asym.:  

• solar neutrino and KamLAND data compatible at 1.1σ

36

Small „tension“ (2σ) in 12 sector: RESOLVED
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Figure 5. 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 previous results of the global
analysis for the GS98 model in Ref .[2]. Right: ��2 dependence on �m2

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

asymmetry

AD/N,SK4-2970 = (�2.1± 1.1)% . (3.2)

We show in fig. 5 the present determination of these parameters from the global solar

analysis in comparison with that of KamLAND data. The results of the solar neutrino

analysis are shown for the two latest versions of the Standard Solar Model, namely the

GS98 and the AGSS09 models [29] obtained with two di↵erent determinations of the solar

abundances [30]. For sake of comparison we also show the corresponding results of the

solar analysis with the pre-Neutrino2020 data [2].

As seen in the figure, with the new data the tension between the best fit �m2
21

of

KamLAND and that of the solar results has decreased. Quantitatively we now find that

the best fit �m2
21

of KamLAND lies at ��2

solar
= 1.3 (1.14�) in the analysis with the GS98

fluxes. This decrease in the tension is due to both, the smaller day-night asymmetry (which

lowers ��2

solar
of the the best fit �m2

21
of KamLAND by 2.4 units) and the slightly more

pronounced turn-up in the low energy part of the spectrum which lowers it one extra unit.

4 Global fit results

Finally we present a selection of the results of our global analysis NuFIT 5.0 using data

available up to July 2020 (see appendix A for the complete list of the used data including

– 10 –

• Best fit value of solar Δm221 changed from 4.8 x 10-5 eV2 (2019) to 
6.1 x 10-5 eV2


• Spectrum analysis:


• Shift of prediction due to improved detector simulation


• Added statistics due to improved spallation cut


• Event migration due to new reconstruction tool 


• Day/Night asymmetry:


• Event migration due to new reconstruction


• Previous analysis used data up to Feb 2014 (SK-IV: 1664 days)


• Added ~1200 days of data fluctuated towards smaller D/N 
asymmetry


• Both impacted to the shift of best fit Δm221 value by roughly equal 
amount (in term of change of Δχ2)

22

Difference from the 
previous results

Data/MC ratio at E < 6 MeV slightly shifted upward
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Y. Nakajima, talk @ Neutrino20
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Hints for non-standard neutrino interactions?would induce non-standard charged-current (CC) production and detection mechanisms for
neutrinos of flavor ↵, while

LNSI,NC =
X

f,↵,�

2
p

2GF "
f,P
↵� (⌫̄↵�µPL⌫�)(f̄�

µ
Pf) + h.c. (1.2)

would lead to new neutral-current (NC) interactions with the rest of the SM fermions. In
both Eqs. (1.1) and (1.2), f and f

0 refer to SM fermions, ` denotes a SM charged lepton and
P can be either a left-handed or a right-handed projection operator (PL or PR, respectively).
Note that the new interactions may induce lepton flavor-changing processes (if ↵ 6= �), or
may lead to a modified interaction rate with respect to the SM result (if ↵ = �).

While CC NSI are severely constrained from the precise measurement of meson and
muon decays (see for example Refs. [5–7]), constraining NC NSI is a much more daunting
task due to the technical challenges in the computation of neutrino-nucleus interactions,
and to the experimental difficulties related to the measurement of neutrino NC interactions.
In this case, one may expect to see an observable effect in neutrino oscillations, without
entering in conflict with other experimental constraints. Of course, if the set of d = 6 opera-
tors is obtained from a NP model at high energies, electroweak gauge invariance generically
implies that the NC NSI operators can only be generated together with similar operators
involving charged leptons, for which the experimental constraints are much tighter [8, 9].
However, recently it has been argued that viable NP models with light mediators (i.e.,
below the electroweak scale) may lead to large NC NSI effects which would affect neutrino
oscillation experiments without spoiling the precise determination of charged lepton ob-
servables [10–15]. For a recent review on viable NSI models from light mediators see, e.g.,
Ref. [16].1

In this case, the best model-independent constraints available in the literature for the
vector operators inducing NC NSI come from global fits to oscillation data, which are very
sensitive to modifications in the effective matter potential [18, 19] felt by neutrinos as they
propagate in a medium. Since such modifications arise from a coherent effect, oscillation
bounds apply even to NSI induced by an ultra light mediators, as long as their mass is
Mmed & 1/REarth ⇠ O(10�12) eV [20]. In particular, oscillation experiments are sensitive
to the combinations of Wilson coefficients

"
f
↵� ⌘ "

f,L
↵� + "

f,R
↵� , (1.3)

that is, to vector NSI. It should be noted that, while oscillation data are sensitive to all
flavor-changing NSI, only the differences between flavor-diagonal NSI parameters induce
observable changes in the matter potential. Consequently, oscillation experiments can only
bound five combinations of vector NSI: two diagonal "

f
↵↵ � "

f
�� , and three non-diagonal

"
f
↵� with ↵ 6= �. Furthermore, in the presence of NSI [18, 21, 22] a degeneracy exists in

oscillation data, leading to a qualitative change of the lepton mixing pattern. This was first
observed in the context of solar neutrinos, where for suitable NSI the data can be explained

1An alternative possibility would be to generate the NSI in radiative mass models, for example as in
Ref. [17].

– 2 –

-90 -60 -30 0 30 60 90
η

-10

-5

0

5

10

χ
2

−
χ

2 n
o

-N
S

I

-90 -60 -30 0 30 60 90
η

0

5

10

15

20

χ
2 L

M
A

-D
−

χ
2 L

M
A

LMA-D

LMA

OSC only

OSC+COH Total Rate

OSC+COH Data Release t+E

OSC+COH Our Fit t+E Chicago

OSC+COH Our Fit t+E Duke

Figure 8. Left: �
2
LMA(⌘) � �

2
no-NSI (full lines) and �

2
LMA-D(⌘) � �

2
no-NSI (dashed lines) for the

analysis of different data combinations (as labeled in the figure) as a function of the NSI quark
coupling parameter ⌘. Right: �

2
dark � �

2
light ⌘ �

2
LMA-D(⌘) � �

2
LMA(⌘) as a function of ⌘. See text

for details.

improves the combined fit by about 2.2� over a broad range of values of ⌘. The improve-
ment is maximized for NSI models with values of ⌘ for which the effect is largest in the Sun
without entering in conflict with terrestrial experiments. This occurs for ⌘ ' �44� (as for
this value the NSI in the Earth matter essentially cancel) and leads to an improvement of
about 10 units in �

2 (i.e., a ⇠ 3.2� effect). From the figure we also conclude that adding
the information from COHERENT on rate only, as well as on timing and energy (t+E),
still allows for this improved fit in the LMA solution for most values of ⌘. Indeed, the
maximum effect at ⌘ ' �44� still holds after the combination since it falls very close to
�35.4�, for which NSI effects cancel at COHERENT as seen in Eq. (4.4). Interestingly, the
improvement is slightly larger for the combination with COHERENT t+E data using the
data release assumptions. This is so because, as described in the previous section, in this
case the fit pulls the weak charge Q

2
e towards zero (see Fig. 6) while leaving the value of

Q
2
µ around the SM expectation. Such situation can be easily accommodated by invoking

diagonal NSI operators and, in particular, favors the non-standard values "
⌘
ee � "

⌘
µµ 6= 0,

thus bringing the fit to a better agreement with solar+KamLAND oscillation data.
Most importantly, Fig. 8 shows that the main impact of including COHERENT data

in the analysis is on the status of the LMA-D degeneracy. We see in the figure that with
oscillation data alone the LMA-D solution is still allowed at 3� for a wide range of NSI
models (�38� . ⌘ . 87�, as well as a narrow window around ⌘ ' �65�) and, in fact, for
�31� . ⌘ . 0� it provides a slightly better global fit than the LMA solution. The addition
of COHERENT to the analysis of oscillation data disfavors the LMA-D degeneracy for most
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oscillation data alone the LMA-D solution is still allowed at 3� for a wide range of NSI
models (�38� . ⌘ . 87�, as well as a narrow window around ⌘ ' �65�) and, in fact, for
�31� . ⌘ . 0� it provides a slightly better global fit than the LMA solution. The addition
of COHERENT to the analysis of oscillation data disfavors the LMA-D degeneracy for most
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Figure 10. Left: �
2
LMA(⌘) � �

2
no-NSI (full lines) and �

2
LMA-D(⌘) � �

2
no-NSI (dashed lines) for the

analysis of different data combinations (as labeled in the figure) as a function of the NSI quark
coupling parameter ⌘. All solid lines but the red one falls on top of each other. Right: �

2
dark��

2
light ⌘

�
2
LMA-D(⌘) � �

2
LMA(⌘) as a function of ⌘. See text for details.

Addendum

In this addendum we re-assess the constraints on Non-Standard Interactions (NSI) from
the combined analysis of data from oscillation experiments and from COHERENT after
including the new data released since the publication of this work [64], in particular those
presented at the Neutrino2020 conference. New data considered includes the latest total
energy spectrum and the day-night asymmetry of the SK4 2970-day sample presented at
Neutrino2020 [65], and the latest results from long-baseline (LBL) experiments T2K [66,
67] and NOvA [68, 69]. In addition, we have updated the reactor experiments Double-
Chooz [70, 71] to 1276/587 days of far/near detector data and RENO [72, 73] to 2908 days
of exposure.

The main effect driven by the new results concerns the analysis of solar oscillation
data. The quantification of the effects in the oscillation analysis has been presented in a
separate Addendum to Ref. [28]. Here we quantify the induced changes in the results of
the combined analysis of oscillation data with COHERENT results, which were contained
in Sec. 4.2. In particular we present in Figs. 10 and 11 the new version of Figs. 8 and 9,
and in Table 3 the new version of Table 2.

In brief, in the left panel in Fig. 8 we found that the introduction of NSI lead to a
substantial improvement of the fit already for the LMA solution (solid lines) with respect
to the oscillation data analysis, resulting in a sizable decrease of the minimum �

2
LMA with

respect to the standard oscillation scenario. This was driven by a well-known tension at
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Hints for non-standard neutrino interactions?would induce non-standard charged-current (CC) production and detection mechanisms for
neutrinos of flavor ↵, while

LNSI,NC =
X

f,↵,�

2
p

2GF "
f,P
↵� (⌫̄↵�µPL⌫�)(f̄�

µ
Pf) + h.c. (1.2)

would lead to new neutral-current (NC) interactions with the rest of the SM fermions. In
both Eqs. (1.1) and (1.2), f and f

0 refer to SM fermions, ` denotes a SM charged lepton and
P can be either a left-handed or a right-handed projection operator (PL or PR, respectively).
Note that the new interactions may induce lepton flavor-changing processes (if ↵ 6= �), or
may lead to a modified interaction rate with respect to the SM result (if ↵ = �).

While CC NSI are severely constrained from the precise measurement of meson and
muon decays (see for example Refs. [5–7]), constraining NC NSI is a much more daunting
task due to the technical challenges in the computation of neutrino-nucleus interactions,
and to the experimental difficulties related to the measurement of neutrino NC interactions.
In this case, one may expect to see an observable effect in neutrino oscillations, without
entering in conflict with other experimental constraints. Of course, if the set of d = 6 opera-
tors is obtained from a NP model at high energies, electroweak gauge invariance generically
implies that the NC NSI operators can only be generated together with similar operators
involving charged leptons, for which the experimental constraints are much tighter [8, 9].
However, recently it has been argued that viable NP models with light mediators (i.e.,
below the electroweak scale) may lead to large NC NSI effects which would affect neutrino
oscillation experiments without spoiling the precise determination of charged lepton ob-
servables [10–15]. For a recent review on viable NSI models from light mediators see, e.g.,
Ref. [16].1

In this case, the best model-independent constraints available in the literature for the
vector operators inducing NC NSI come from global fits to oscillation data, which are very
sensitive to modifications in the effective matter potential [18, 19] felt by neutrinos as they
propagate in a medium. Since such modifications arise from a coherent effect, oscillation
bounds apply even to NSI induced by an ultra light mediators, as long as their mass is
Mmed & 1/REarth ⇠ O(10�12) eV [20]. In particular, oscillation experiments are sensitive
to the combinations of Wilson coefficients

"
f
↵� ⌘ "

f,L
↵� + "

f,R
↵� , (1.3)

that is, to vector NSI. It should be noted that, while oscillation data are sensitive to all
flavor-changing NSI, only the differences between flavor-diagonal NSI parameters induce
observable changes in the matter potential. Consequently, oscillation experiments can only
bound five combinations of vector NSI: two diagonal "

f
↵↵ � "

f
�� , and three non-diagonal

"
f
↵� with ↵ 6= �. Furthermore, in the presence of NSI [18, 21, 22] a degeneracy exists in

oscillation data, leading to a qualitative change of the lepton mixing pattern. This was first
observed in the context of solar neutrinos, where for suitable NSI the data can be explained

1An alternative possibility would be to generate the NSI in radiative mass models, for example as in
Ref. [17].
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Figure 8. Left: �
2
LMA(⌘) � �

2
no-NSI (full lines) and �

2
LMA-D(⌘) � �

2
no-NSI (dashed lines) for the

analysis of different data combinations (as labeled in the figure) as a function of the NSI quark
coupling parameter ⌘. Right: �

2
dark � �

2
light ⌘ �

2
LMA-D(⌘) � �

2
LMA(⌘) as a function of ⌘. See text

for details.

improves the combined fit by about 2.2� over a broad range of values of ⌘. The improve-
ment is maximized for NSI models with values of ⌘ for which the effect is largest in the Sun
without entering in conflict with terrestrial experiments. This occurs for ⌘ ' �44� (as for
this value the NSI in the Earth matter essentially cancel) and leads to an improvement of
about 10 units in �

2 (i.e., a ⇠ 3.2� effect). From the figure we also conclude that adding
the information from COHERENT on rate only, as well as on timing and energy (t+E),
still allows for this improved fit in the LMA solution for most values of ⌘. Indeed, the
maximum effect at ⌘ ' �44� still holds after the combination since it falls very close to
�35.4�, for which NSI effects cancel at COHERENT as seen in Eq. (4.4). Interestingly, the
improvement is slightly larger for the combination with COHERENT t+E data using the
data release assumptions. This is so because, as described in the previous section, in this
case the fit pulls the weak charge Q

2
e towards zero (see Fig. 6) while leaving the value of

Q
2
µ around the SM expectation. Such situation can be easily accommodated by invoking

diagonal NSI operators and, in particular, favors the non-standard values "
⌘
ee � "

⌘
µµ 6= 0,

thus bringing the fit to a better agreement with solar+KamLAND oscillation data.
Most importantly, Fig. 8 shows that the main impact of including COHERENT data

in the analysis is on the status of the LMA-D degeneracy. We see in the figure that with
oscillation data alone the LMA-D solution is still allowed at 3� for a wide range of NSI
models (�38� . ⌘ . 87�, as well as a narrow window around ⌘ ' �65�) and, in fact, for
�31� . ⌘ . 0� it provides a slightly better global fit than the LMA solution. The addition
of COHERENT to the analysis of oscillation data disfavors the LMA-D degeneracy for most
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Figure 8. Left: �
2
LMA(⌘) � �

2
no-NSI (full lines) and �

2
LMA-D(⌘) � �

2
no-NSI (dashed lines) for the

analysis of different data combinations (as labeled in the figure) as a function of the NSI quark
coupling parameter ⌘. Right: �

2
dark � �

2
light ⌘ �

2
LMA-D(⌘) � �

2
LMA(⌘) as a function of ⌘. See text

for details.

improves the combined fit by about 2.2� over a broad range of values of ⌘. The improve-
ment is maximized for NSI models with values of ⌘ for which the effect is largest in the Sun
without entering in conflict with terrestrial experiments. This occurs for ⌘ ' �44� (as for
this value the NSI in the Earth matter essentially cancel) and leads to an improvement of
about 10 units in �

2 (i.e., a ⇠ 3.2� effect). From the figure we also conclude that adding
the information from COHERENT on rate only, as well as on timing and energy (t+E),
still allows for this improved fit in the LMA solution for most values of ⌘. Indeed, the
maximum effect at ⌘ ' �44� still holds after the combination since it falls very close to
�35.4�, for which NSI effects cancel at COHERENT as seen in Eq. (4.4). Interestingly, the
improvement is slightly larger for the combination with COHERENT t+E data using the
data release assumptions. This is so because, as described in the previous section, in this
case the fit pulls the weak charge Q

2
e towards zero (see Fig. 6) while leaving the value of

Q
2
µ around the SM expectation. Such situation can be easily accommodated by invoking

diagonal NSI operators and, in particular, favors the non-standard values "
⌘
ee � "

⌘
µµ 6= 0,

thus bringing the fit to a better agreement with solar+KamLAND oscillation data.
Most importantly, Fig. 8 shows that the main impact of including COHERENT data

in the analysis is on the status of the LMA-D degeneracy. We see in the figure that with
oscillation data alone the LMA-D solution is still allowed at 3� for a wide range of NSI
models (�38� . ⌘ . 87�, as well as a narrow window around ⌘ ' �65�) and, in fact, for
�31� . ⌘ . 0� it provides a slightly better global fit than the LMA solution. The addition
of COHERENT to the analysis of oscillation data disfavors the LMA-D degeneracy for most
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Figure 10. Left: �
2
LMA(⌘) � �

2
no-NSI (full lines) and �

2
LMA-D(⌘) � �

2
no-NSI (dashed lines) for the

analysis of different data combinations (as labeled in the figure) as a function of the NSI quark
coupling parameter ⌘. All solid lines but the red one falls on top of each other. Right: �

2
dark��

2
light ⌘

�
2
LMA-D(⌘) � �

2
LMA(⌘) as a function of ⌘. See text for details.

Addendum

In this addendum we re-assess the constraints on Non-Standard Interactions (NSI) from
the combined analysis of data from oscillation experiments and from COHERENT after
including the new data released since the publication of this work [64], in particular those
presented at the Neutrino2020 conference. New data considered includes the latest total
energy spectrum and the day-night asymmetry of the SK4 2970-day sample presented at
Neutrino2020 [65], and the latest results from long-baseline (LBL) experiments T2K [66,
67] and NOvA [68, 69]. In addition, we have updated the reactor experiments Double-
Chooz [70, 71] to 1276/587 days of far/near detector data and RENO [72, 73] to 2908 days
of exposure.

The main effect driven by the new results concerns the analysis of solar oscillation
data. The quantification of the effects in the oscillation analysis has been presented in a
separate Addendum to Ref. [28]. Here we quantify the induced changes in the results of
the combined analysis of oscillation data with COHERENT results, which were contained
in Sec. 4.2. In particular we present in Figs. 10 and 11 the new version of Figs. 8 and 9,
and in Table 3 the new version of Table 2.

In brief, in the left panel in Fig. 8 we found that the introduction of NSI lead to a
substantial improvement of the fit already for the LMA solution (solid lines) with respect
to the oscillation data analysis, resulting in a sizable decrease of the minimum �

2
LMA with

respect to the standard oscillation scenario. This was driven by a well-known tension at

– 27 –

global fit of osc + NC NSI (5+7 params.), oscillation data + COHERENT  

pre-Neutrino20

post-Neutrino20

Coloma, Esteban, Gonzalez-Garcia, 
Maltoni, 1911.09109  

dark-LMA



Th. Schwetz - IFT Christmas Workshop, 17 Dec 2020

• solution with θ12 > 45°: „dark-LMA“ 
Miranda, Tortola, Valle, hep-ph/0406280 

• implies flipping of the mass 
ordering: „generalised MO 
degeneracy“ Coloma, TS, 06 
 

⇒ 

• requires NSI ~ GF 

• O(1) modification of mixing pattern 

• makes determination of MO by 
oscillation experiments impossible

38

Dark-LMA / generalised MO degeneracy
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Sterile neutrinos at the eV scale?
eV-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
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• tension between „predicted“ and observed neutrino rates 
at nuclear reactors 

• dominated by systematic/theoretical uncertainty, 
status „unclear“

40

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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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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Recent relative spectral measurments

Dentler, Hernandez, Kopp, 
Maltoni, TS, 1709.04294

 0.64

 0.66

 0.68

 0.7

 0.72

 0.74

 0.76

 0.78

 1  2  3  4  5  6  7

R
a

tio
 D

o
w

n
/U

p

Positron Energy  [MeV]

global reactor best fit
DANSS best fit

DANSS data

DANSS: relative spectra 
@ L = 10.7 and 12.7 m 
prev. ~ 2σ hint decr. ~1.5σ 
DANSS talk @ ICHEP20

NEOS: spectrum at L = 24 m, relative to RENO  
(or DayaBay) near detectors: Δ𝝌2(no osc) = 11.7

25 
 

the results of analysis with interval 500 keV, which 
corresponds to energy resolution of the detector, are 
also presented (blue triangles). One can see that 
squares and triangles are statistically compatible. A 

curve based on parameters Δm14
2  ≈

7.25eV2, sin2 2𝜃14 ≈ 0.26 provide a good fit of both 
sets of points.  

 

 
FIG. 47.  Data processing results with an energy interval of 500 keV (blue triangles). Data processing results averaging the 
results obtained by intervals: 125 keV, 250 keV and 500 keV (black squares). Along the vertical axis, statistical errors are 
indicated, along the horizontal axis for blue triangles, a spread of eight values of the L/E ratio is indicated. For data averaged 
over intervals: 125 keV, 250 keV and 500 keV (black squares), the average spread of L/E ratio is indicated. 

In analysis with energy interval 500 keV, which 
corresponds to energy resolution of the detector (blue 
triangles), the goodness of fit with such parameters is 
45%, while fit with a constant equal to one (assumption 
of no oscillations) has the goodness of fit only 8%. We 
obtained 𝜒2/𝐷𝑂𝐹  =  17.1/17  for the version with 
oscillations and 𝜒2/𝐷𝑂𝐹  =  30/19  for the version 
without oscillations. 

In analysis with averaging over data sets with energy 
intervals 125keV, 250 keV and 500keV (black squares) 
the fit with the given above parameters has the goodness 
of fit 28%, while fit with a constant equal to one 
(assumption of no oscillations) has the goodness of fit 
only 3%. We obtained 𝜒2/𝐷𝑂𝐹  =  20/17  for the 
version with oscillation and 𝜒2/𝐷𝑂𝐹  =  32/19  for 
the version without oscillation. Corresponding 
confidence levels are shown in figure 48. 

For reasons of reliability of the final result, we 
choose the case of data processing with averaging. 
Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging 
is 3.2𝜎 - ∆m14

2  ≈ 7.25eV2 and sin2 2θ14 ≈ 0.26 ±
0.08. 

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

their statistical uncertainties can be presented in the 
form:  ∆m14

2  ≈ 7.25eV2 ± 0.13, sin2 2θ14 ≈ 0.26 ±
0.08(3.2σ). The problem of systematic uncertainties 
requires additional analysis.  

 

FIG. 48. Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging over 
three data sets. 

 
 

Neutrino4: segmented 
detector, L = 6.25 to 
11.9 m, 216 bins in  
L/E  „3σ“ indication
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FIG. 2. Uncertainties of unfolded RENO and NEOS ⌫e spec-
tra.

of RENO and NEOS ⌫e spectra in the energy range be-
tween 2.2 and 7.0MeV. The errors due to various uncer-
tainty sources are shown as a function of ⌫e energy in
Fig. 2. The error of neutrino energy less than 2.4MeV
mostly comes from use of the HM predicted spectrum
below prompt energy 1MeV.

The extracted ⌫e spectra are corrected for di↵erent
fuel isotope fractions between RENO and NEOS due
to their mismatched data-taking periods. The correc-
tion is made using the HM predicted spectra [18, 19].
The average fission fractions of 235U, 238U, 239Pu, and
241Pu are 0.571 (0.655), 0.073 (0.072), 0.300 (0.235), and
0.056 (0.038), respectively, for RENO (NEOS). Using the
well-understood response function, the RENO’s expected
prompt spectrum at NEOS is obtained from the 3⌫ best-
fit predicted ⌫e spectrum from the RENO measurement.
The upper panel of Fig. 3 shows the RENO prediction at
NEOS divided by the NEOS observed prompt spectrum.
The NEOS measured absolute ⌫e flux is not available and
thus normalized to that of RENO measurement, for a
spectral shape comparison only. Also shown in the lower
panel of Fig. 3 is the ratio of the RENO prediction at
NEOS relative to the NEOS extracted ⌫e spectrum. In
the spectral comparisons, the uncertainties are assumed
to be fully uncorrelated between the RENO and NEOS
spectra.

A method of ��2 is used for this sterile neutrino

1 2 3 4 5 6 7
Prompt Energy (MeV)

0.8

0.9

1

1.1

1.2

Pr
ed

ic
tio

n 
fro

m
 R

EN
O

 / 
N

EO
S

data systematic uncert.

, 0.09)2) = (2.37 eV14θ 22, sin2
41 mΔ(

, 0.1)2) = (0.69 eV14θ 22, sin2
41 mΔ(

2 3 4 5 6 7 8
Neutrino Energy (MeV)

0.8

0.9

1

1.1

1.2
Pr

ed
ic

tio
n 

fro
m

 R
EN

O
 / 

N
EO

S
, 0.1)2) = (0.69 eV14θ 22, sin2

41 mΔ(

, 0.1)2) = (2.37 eV14θ 22, sin2
41 mΔ(

data

FIG. 3. Upper: Ratio of the RENO prediction at NEOS
relative to the NEOS observed prompt spectrum. The er-
ror bars represent the statistical uncertainty only. The areas
of two spectra are normalized for a shape comparison. The
gray band indicates the systematic uncertainty. Lower: Ratio
of the RENO prediction at NEOS relative to the NEOS ex-
tracted ⌫e spectrum. The error bars represent the statistical
and systematic uncertainties. The orange curves in the both
panels represent the best fits to the data. The blue curves
represent spectral ratios expected with one of sterile neutrino
oscillation parameters that are excluded by this analysis.
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where N i
R and N i

N are the numbers of observed events in
the i-th ⌫e energy bin at RENO and NEOS, respectively,
M i

R and M i
N are the numbers of events expected from

sterile neutrino oscillation parameters, ↵ is a scale factor
for the shape comparison, and Vij is a covariance matrix
element for a total spectral error of RENO and NEOS in
the i-th and j-th ⌫e energy cell. The matrix element is
given by,

Vij = V ij
R + ↵2
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⌘
·
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⌘
V ij
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where V ij
R and V ij

N are covariance matrix elements of
RENO and NEOS, respectively. The value of minimum
�2/NDF for the RENO measured 3⌫ oscillation param-
eters is 34.9/59 where NDF is the number of degrees of
freedom. The value for the sterile neutrino oscillation
is 23.2/57. The best fit shown in Fig. 3 is found at
|�m2

41| = 2.37 eV2 and sin2 2✓14 = 0.09. The spectral
ratio of data appears to be consistent with the best-
fit expectation including the energy modulation. Be-
cause of its large systematic uncertainty, the value of
��2 = �2

3⌫ ��2
4⌫,min is 11.7 corresponding to the p-value

of 0.13, and thus shows no significant indication of a ster-
ile neutrino oscillation.

Atif et al al., 2011.00896
segmented detectors: 
STEREO [arXiv:1912.06582]  
L = 9 to 11 m Δ𝝌2(no osc) ≈ 9 
PROSPECT [arXiv:2006.11210]  
L = 6.7 to 9.2 m
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the results of analysis with interval 500 keV, which 
corresponds to energy resolution of the detector, are 
also presented (blue triangles). One can see that 
squares and triangles are statistically compatible. A 

curve based on parameters Δm14
2  ≈

7.25eV2, sin2 2𝜃14 ≈ 0.26 provide a good fit of both 
sets of points.  

 

 
FIG. 47.  Data processing results with an energy interval of 500 keV (blue triangles). Data processing results averaging the 
results obtained by intervals: 125 keV, 250 keV and 500 keV (black squares). Along the vertical axis, statistical errors are 
indicated, along the horizontal axis for blue triangles, a spread of eight values of the L/E ratio is indicated. For data averaged 
over intervals: 125 keV, 250 keV and 500 keV (black squares), the average spread of L/E ratio is indicated. 

In analysis with energy interval 500 keV, which 
corresponds to energy resolution of the detector (blue 
triangles), the goodness of fit with such parameters is 
45%, while fit with a constant equal to one (assumption 
of no oscillations) has the goodness of fit only 8%. We 
obtained 𝜒2/𝐷𝑂𝐹  =  17.1/17  for the version with 
oscillations and 𝜒2/𝐷𝑂𝐹  =  30/19  for the version 
without oscillations. 

In analysis with averaging over data sets with energy 
intervals 125keV, 250 keV and 500keV (black squares) 
the fit with the given above parameters has the goodness 
of fit 28%, while fit with a constant equal to one 
(assumption of no oscillations) has the goodness of fit 
only 3%. We obtained 𝜒2/𝐷𝑂𝐹  =  20/17  for the 
version with oscillation and 𝜒2/𝐷𝑂𝐹  =  32/19  for 
the version without oscillation. Corresponding 
confidence levels are shown in figure 48. 

For reasons of reliability of the final result, we 
choose the case of data processing with averaging. 
Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging 
is 3.2𝜎 - ∆m14

2  ≈ 7.25eV2 and sin2 2θ14 ≈ 0.26 ±
0.08. 

Oscillation parameters ∆m14
2  and sin2 2θ14, and 

their statistical uncertainties can be presented in the 
form:  ∆m14

2  ≈ 7.25eV2 ± 0.13, sin2 2θ14 ≈ 0.26 ±
0.08(3.2σ). The problem of systematic uncertainties 
requires additional analysis.  

 

FIG. 48. Confidence levels of the area around oscillation 
parameters obtained as the best fit in case of averaging over 
three data sets. 
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FIG. 2. Uncertainties of unfolded RENO and NEOS ⌫e spec-
tra.

of RENO and NEOS ⌫e spectra in the energy range be-
tween 2.2 and 7.0MeV. The errors due to various uncer-
tainty sources are shown as a function of ⌫e energy in
Fig. 2. The error of neutrino energy less than 2.4MeV
mostly comes from use of the HM predicted spectrum
below prompt energy 1MeV.

The extracted ⌫e spectra are corrected for di↵erent
fuel isotope fractions between RENO and NEOS due
to their mismatched data-taking periods. The correc-
tion is made using the HM predicted spectra [18, 19].
The average fission fractions of 235U, 238U, 239Pu, and
241Pu are 0.571 (0.655), 0.073 (0.072), 0.300 (0.235), and
0.056 (0.038), respectively, for RENO (NEOS). Using the
well-understood response function, the RENO’s expected
prompt spectrum at NEOS is obtained from the 3⌫ best-
fit predicted ⌫e spectrum from the RENO measurement.
The upper panel of Fig. 3 shows the RENO prediction at
NEOS divided by the NEOS observed prompt spectrum.
The NEOS measured absolute ⌫e flux is not available and
thus normalized to that of RENO measurement, for a
spectral shape comparison only. Also shown in the lower
panel of Fig. 3 is the ratio of the RENO prediction at
NEOS relative to the NEOS extracted ⌫e spectrum. In
the spectral comparisons, the uncertainties are assumed
to be fully uncorrelated between the RENO and NEOS
spectra.

A method of ��2 is used for this sterile neutrino
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FIG. 3. Upper: Ratio of the RENO prediction at NEOS
relative to the NEOS observed prompt spectrum. The er-
ror bars represent the statistical uncertainty only. The areas
of two spectra are normalized for a shape comparison. The
gray band indicates the systematic uncertainty. Lower: Ratio
of the RENO prediction at NEOS relative to the NEOS ex-
tracted ⌫e spectrum. The error bars represent the statistical
and systematic uncertainties. The orange curves in the both
panels represent the best fits to the data. The blue curves
represent spectral ratios expected with one of sterile neutrino
oscillation parameters that are excluded by this analysis.
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where N i
R and N i

N are the numbers of observed events in
the i-th ⌫e energy bin at RENO and NEOS, respectively,
M i

R and M i
N are the numbers of events expected from

sterile neutrino oscillation parameters, ↵ is a scale factor
for the shape comparison, and Vij is a covariance matrix
element for a total spectral error of RENO and NEOS in
the i-th and j-th ⌫e energy cell. The matrix element is
given by,
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where V ij
R and V ij

N are covariance matrix elements of
RENO and NEOS, respectively. The value of minimum
�2/NDF for the RENO measured 3⌫ oscillation param-
eters is 34.9/59 where NDF is the number of degrees of
freedom. The value for the sterile neutrino oscillation
is 23.2/57. The best fit shown in Fig. 3 is found at
|�m2

41| = 2.37 eV2 and sin2 2✓14 = 0.09. The spectral
ratio of data appears to be consistent with the best-
fit expectation including the energy modulation. Be-
cause of its large systematic uncertainty, the value of
��2 = �2

3⌫ ��2
4⌫,min is 11.7 corresponding to the p-value

of 0.13, and thus shows no significant indication of a ster-
ile neutrino oscillation.

Atif et al al., 2011.00896
segmented detectors: 
STEREO [arXiv:1912.06582]  
L = 9 to 11 m Δ𝝌2(no osc) ≈ 9 
PROSPECT [arXiv:2006.11210]  
L = 6.7 to 9.2 m
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Are hints consistent with each other?

global best fit: 
Δ𝝌2(no osc) = 9.9 

Δm2 = 1.3 eV2 
sin22θ=0.02

NEOS analysis to 
be updated
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• sterile osc. search is similar to fitting white noise with cosine of 
arbitrary amplitude and frequency  

•→ it is very likely to find some frequency which fits random fluctuations 

44

Evaluating significances is tricky

to zero, one finds that ⇠ ⇡ (1/2) sin2 2✓ minimizes the �2. Using this together with
assumption (a) above we find

�2 =
NX

i=1


ni � p0i

2�i
sin2 2✓ cos

�m2L

2Ei

�2

, (6)

where ni ⌘ �di/�i are independent standard normal random variables with hnii = 0,
hninji = �ij, see eq. (4).

Let us now adopt the additional simplifying assumptions to build a mathematical toy
model:

(c) We assume that the relative statistical error �i/p0i has the same value for each bin
and define the new parameter

s ⌘ p0i
2�i

sin2 2✓ . (7)

Although this is not strictly the case for a reactor experiment, in section IV we will see
that it works relatively well for the experimental setups under consideration in this work.
Furthermore we assume that bins have equal width in L/E and define
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Hence, j labels bins in L/E while the index  labels discrete frequencies proportional to
�m2. With this idealization, eq. (6) becomes

�2(s, ) =
NX

i=1

[ni � s cos 'i]
2 . (9)

We see that in this limit the sterile neutrino search is equivalent to fitting Gaussian white-
noise with a cosine function with the amplitude s and the frequency  as free parameters.
This form suggests to consider the discrete Fourier transform of the N random variables
ni:

ni =
NX

=1

(a cos 'i + b sin 'i) (10)

with a, b 2 R. Focusing on the cosine term, the coe�cients a can be computed as

a =
2

N
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i=1

ni cos 'i . (11)

Since ni are independent standard Gaussian variables, it is clear that a are random
Gaussian variables as well, with

hai = 0 , haa�i =
2

N
�� , (12)

6
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Wilks theorem 
does not apply

Neutrino4 case study: 
significance for signal is reduced from 
3.2σ (p=0.0016) to 2.6σ (p=0.0091) 
based on stat. errors only
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Hints for νµ→νe appearance
eV-scale sterile neutrino oscillations ‹µ æ ‹e appearance

Hints for ‹µ æ ‹e appearance
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3

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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FIG. 6: The MiniBooNE neutrino mode EQE
⌫ distributions, corresponding to the total 18.75⇥1020

POT data, for ⌫e CCQE data (points with statistical errors) and predicted backgrounds (colored

histograms). The constrained background is shown as additional points with systematic error

bars. The dashed histogram shows the best fit to the neutrino-mode data assuming two-neutrino

oscillations. The last bin is for the energy interval from 1500-3000 MeV.
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FIG. 7: The total event excesses in neutrino mode for the first, second, and third running periods.

Error bars include only statistical uncertainties.

1. There are a total of 3182 data events, 2568.8 background events and 613.2 excess events.

Figs. 10 and 11 show the cos ✓ distribution of data and background events and excess evets

for the 22 di↵erent energy bins. All of these numbers will become available in a future data

release.

10

MiniBooNE 2020

combined neutrino+antineutrino 
excess: 638.0±132.8 events (4.8σ)

arXiv:2006.16883
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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

10-2 10-1

10-1

100

101

|U�4
2

�
m

4
1

2
[e

V
2
] �e

(-)
/��
(-)

��e

(-)

( Fixed Fluxes)

CDHS

MB disapp

��
(-)
-disapp

combined

MINOS/
MINOS+

DC+SK
+IC

99% CL
2 dof

non-observation of oscillations in ‹µ

disappearance (CDHS, MiniB,
MINOS+, SK, IceCube)

10-4 10-3 10-2 10-1
10-1

100

101

sin2 2��e

�
m

2
[e

V
2
]

Disappearance
Free Fluxes

Fixed Fluxes

Appearance
( w/o DiF)

99.73% CL

2 dof

consistency of appearance and disapp.
data with a p-value < 10≠6

T. Schwetz (KIT) 14

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

eV-scale sterile neutrino physics Global analysis

Can we explain all the hints together?
appearance

Pµe = sin2 2◊µe sin2 �m
2
41L

4E
sin2 2◊µe = 4|Ue4|2|Uµ4|2

disappearance (– = e, µ)

P–– = 1 ≠ sin2 2◊–– sin2 �m
2
41L

4E
sin2 2◊–– = 4|U–4|2(1 ≠ |U–4|2)

sin2 2◊µe ¥ 1
4 sin2 2◊ee sin2 2◊µµ

‹µ æ ‹e app. signal requires also signal in both, ‹e and ‹µ disappearance
(appearance mixing angle quadratically suppressed)

T. Schwetz (KIT), NNN17 17
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Strong tension btw appearance and disappearance
eV-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

→ sterile neutrino oscillation explanation of LSND/MB excluded
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Other BSM explanations? incomplete and outdated list:
Other BSM explanations?

incomplete list:
I 3-neutrinos and CPT violation Murayama, Yanagida 01;

Barenboim, Borissov, Lykken 02; Gonzalez-Garcia, Maltoni, TS 03

I 4-neutrinos and CPT violation Barger, Marfatia, Whisnant 03

I Exotic muon-decay Babu, Pakvasa 02

I CPT viol. quantum decoherence Barenboim, Mavromatos 04

I Lorentz violation Kostelecky et al., 04, 06; Gouvea, Grossman 06

I mass varying ‹ Kaplan,Nelson,Weiner 04; Zurek 04; Barger,Marfatia,Whisnant 05

I shortcuts of sterile ‹s in extra dim
Paes, Pakvasa, Weiler 05; Doring, Pas, Sicking, Weiler, 18

I decaying sterile neutrino Palomares-Riuz, Pascoli, TS 05; Gninenko 09, 10;

Bertuzzo, Jana, Machado, Zukanovich, 18; Ballett, Pascoli, Ross-Lonergan, 18

I energy dependent quantum decoherence Farzan, TS, Smirnov 07;

Bakhti, Farzan, TS, 15

I sterile neutrinos and new gauge boson Nelson, Walsh 07

I sterile ‹ with energy dep. mass or mixing TS 07

I sterile ‹ with nonstandard interactions Akhmedov, TS 10;

Conrad, Karagiorgi, Shaevitz, 12; Liao, Marfatia, Whisnant 18

T. Schwetz (KIT) 18
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T. Schwetz (KIT) 18

many of them excluded by some data
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• sterile neutrino N with mN ~ keV to ~500 MeV 

• produce N either by mixing or by up-scattering 

• decay: 
• N → Φ νe with standard neutrino interact in detector 
• electromagn. decay inside MB detector N →νγ / νe±  

(no LSND explanation)

50

MiniBooNE and a decaying sterile neutrino

Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536; 
Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  Ballett, Pascoli, Ross-Lonergan, 1808.2915;  
Arguelles, Hostert, Tsai, 1812.08768;  Fischer, Hernandez,  TS, 1909.09561; 
Dentler, Esteban, Kopp, Machado, 1911.01427; deGouvea, Peres, Prakash, Stenico, 1911.01447; 
Brdar, Fischer, Smirnov, 2007.14411, … 
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• 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

51

MiniBooNE and a decaying sterile neutrino — example:

A.Hernandez-Cabezudo  35

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

Fischer, Hernandez,  TS, 1909.09561

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:
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MiniBooNE and a decaying sterile neutrino — example:

A.Hernandez-Cabezudo  35

A.Hernandez-Cabezudo  29

Energy and angular spectra fits

Fischer, Hernandez,  TS, 1909.09561

disfavoured (excluded?) by new MiniBooNE event 

timing analysis [arXiv:2006.16883]

mN = 260 MeV
in time
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Figure 1: Time distribution of signal events for a sterile neutrino mass of 260 MeV in the neutrino (left) and

antineutrino (right) beam mode. For the proton beam we assume a step-function of 1.6 µs duration. The

zero of the time axis corresponds to the time when a neutrino produced at the onset of the beam traveling

at the speed of light would arrive at the detector. The blue shaded region indicates the time window used

for the analysis (1.6 µs); it contains 41% (34%) of all events in the neutrino (antineutrino) mode.

momentum of the photon, and the decays have to occur inside a timing window as discussed
above. These considerations are summed up in the following master formula:

Ndecay =POT ⇢`(mN) Br⌫� AMB

Z
dpN �N(pN)✏̂(pN)Pdec(pN)wtime(pN ,mN) . (11)

Here, POT denotes the number of protons on target, which is 12.84 (11.27) ⇥ 1020 for the
neutrino (antineutrino) mode. The factor ⇢`(mN) has been defined in eq. (2) and it includes
the mixing matrix element |U`4|

2 and the branching ratio of the kaon decays into heavy
neutrinos. Br⌫� = �N!⌫�/�tot is the branching ratio for the decay N ! ⌫�, with �tot being
the total decay width of N . In the relevant mass range we have �tot ⇡ �N!⌫� + �⇡ with
�⇡ given in eq. (7). Furthermore, AMB = ⇡(5m)2 is the e↵ective area of the MiniBooNE
detector, and

✏̂(pN) =

Z
p�,max

p�,min

dp�✏(p�)
1

�lab
N!⌫�

d�lab
N!⌫�

dp�
(12)

is the MiniBooNE detection e�ciency [33] ✏(p�) averaged over the photon momentum dis-
tribution for a given pN . Pdec is the probability that the heavy neutrino decays inside the
detector, and wtime is a timing-related weight. Using the heavy neutrino arrival time tN

from eq. (8) the latter is given by

wtime(pN ,mN) =

⇢
t0+�t�tN

�t
for tN < �t+ t0

0 for tN � �t+ t0 .
(13)

For the decay probability we have

Pdec(pN) = e
�L1�tot

mN
pN � e

�L2�tot
mN
pN (14)

7
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• exciting new physics 

• rich phenomenology: timing / angular event distributions 

• most cannot explain LSND / reactor anomalies  

• predict signatures in existing (near detectors) and/or 
upcoming experiments (Fermilab SBN)

53

MiniBooNE and a decaying sterile neutrino

Palomares, Pascoli, TS, hep-ph/0505216; Gninenko, 0902.3802, 1009.5536; 
Bertuzzo, Jana, Machado, Zukanovich, 1807.09877;  Ballett, Pascoli, Ross-Lonergan, 1808.2915;  
Fischer, Hernandez,  TS, 1909.09561;  Dentler, Esteban, Kopp, Machado, 1911.01427; 
deGouvea, Peres, Prakash, Stenico, 1911.01447; … 

Jordan et al., 1810.07185;  Arguelles, Hostert, Tsai, 1812.08768;
Brdar, Fischer, Smirnov, 2007.14411
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Summary - fate of hints:

Hint Fate
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Summary - fate of hints:

Hint Fate
CP violation disappeared

normal mass ordering decreased

non-standard interactions disappeared

reactor (rate) anomaly unclear

reactor (shape) anomaly no clear hint emerging

Gallium anomaly decreased

LSND / MiniBooNE significant but  
interpretation unclear

• neutrino mass is a robust hint for new physics 

• unfortunately so-far we have neither a hint about 

which kind of new physics nor at which energy scale
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Summary - fate of hints:

Hint Fate
CP violation disappeared

normal mass ordering decreased

non-standard interactions disappeared

reactor (rate) anomaly unclear

reactor (shape) anomaly no clear hint emerging

Gallium anomaly decreased

LSND / MiniBooNE significant but  
interpretation unclear

• neutrino mass is a robust hint for new physics 

• unfortunately so-far we have neither a hint about 

which kind of new physics nor at which energy scale

Thank you!
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Supplementary slides
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T2K and NOvA Neutrino20 νµ→νe appearance results
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SK event samples

Patrick Dunne (p.dunne12@imperial.ac.uk) 22

• Three samples with e-like rings
• Two with e-ring only in ν-mode and $ν-mode targeting CC0# events
• One with Michel electron from # decay targeting CC1# events

• Uncertainty on rate is 4.7-5.9% in CC0# samples and 14.3% for CC1#

ν-mode e-ring %ν-mode e-ring ν-mode 
e-ring and
e from 
pion decay

94 events 16 events 14 events

T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary
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NOvA Preliminary-beamn

νe and ν̅e Data at the Far Detector

ν̅eνe

Total	Observed 82 Range
Total	Prediction 85.8 52-110
Wrong-sign 1.0 0.6-1.7
Beam	Bkgd. 22.7
Cosmic	Bkgd. 3.1

Total	Bkgd. 26.8 26-28

Total	Observed 33 Range
Total	Prediction 33.2 25-45
Wrong-sign 2.3 1.0-3.2
Beam	Bkgd. 10.2
Cosmic	Bkgd. 1.6

Total	Bkgd. 14.0 13-15

>4σ	evidence	of ν̅e appearance

NOvA neutrino NOvA anti-neutrino
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T2K, NOvA, and reactors are consistent with each others

data sets normal ordering inverted ordering

�2

PG
/n p-value #� �2

PG
/n p-value #�

T2K vs NOvA 6.7/4 0.15 1.4� 3.6/4 0.46 0.7�

T2K vs React 0.3/2 0.87 0.2� 2.5/2 0.29 1.1�

NOvA vs React 3.0/2 0.23 1.2� 6.2/2 0.045 2.0�

T2K vs NOvA vs React 8.4/6 0.21 1.3� 8.9/6 0.18 1.3�

T2K vs NOvA 6.5/3 0.088 1.7� 2.8/3 0.42 0.8�

T2K vs NOvA vs React 7.8/4 0.098 1.7� 7.2/4 0.13 1.5�

Table 2. Testing the consistency of di↵erent data sets shown in the first column assuming either
normal or inverted ordering. “React” includes Daya-Bay, RENO and Double-Chooz. In the analyses
above the horizontal line, ✓13 is a free parameter, whereas below the line we have fixed sin2 ✓13 =
0.0224. See text for more details.

2.3 Consistency between T2K, NOvA and reactors

Let us now address the question of whether some data sets are in tension with each other at

a worrisome level. A useful method to quantify the consistency of di↵erent data sets is the

so-called parameter goodness-of-fit (PG) [24]. It makes use of the following test statistic:

�2

PG = �2

min,glob �
X

i

�2

min,i , (2.6)

where i labels di↵erent data sets, �2

min,i is the �2 minimum of each data set individually,

and �2

min,glob
is the �2 minimum of the global data, i.e., �2

min,glob
= min

⇥P
i �

2

i

⇤
. Let us

denote by ni the number of model parameters on which the data set i depends, and nglob

the number of parameters on which the global data depends. Then the test statistic �2

PG

follows a �2 distribution with n degrees of freedom, where [24]

n =
X

i

ni � nglob . (2.7)

We are going to apply this test now to di↵erent combination of the three data sets,

“T2K”, “NOvA”, and “React”, where “React” is the joint data set of Daya-Bay, RENO

and Double-Chooz.3 The accelerator samples always include appearance and disappearance

channels for both neutrinos and anti-neutrinos. In order to study the consistency of the sets

under a given hypothesis for the neutrino mass ordering, all minimizations are preformed

restricting to a given mass ordering. Furthermore, the solar parameters are kept fixed and

hence, we have nT2K = nNOvA = nglob = 4 (namely ✓13, ✓23, �CP, |�m2

3`|) and nReact = 2

(namely ✓13, |�m2

3`|). The results are shown in table 2.

First, we check the pair-wise consistency of two out of the three sets. In all cases

we find perfect consistency with p-values well above 10%. The only exception is NOvA

vs React for IO which show tension at the 2� level. A large contribution to this e↵ect

3
We have also checked that the three reactor experiments by themselves are in excellent agreement with

each other, see the figure “Synergies: atmospheric mass-squared splitting” available at [11]. This justifies

to merge them into a single set.

– 8 –
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• improved shell-model cross 
section calculations 

• significance decreases  
3.0σ → 2.3σ
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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

Kostensalo, Suhonen, Giunti, Srivastava, 1906.10980

Table 6: Values of the Gamow-Teller strengths of the transitions from the ground state of 71Ga to the relevant
excited states of 71Ge relative to the Gamow-Teller strength of the transitions to the ground state of 71Ge obtained
by Krofcheck et al. [36, 37], Haxton [8], Frekers et al. [5], and with the JUN45 calculation presented in this paper.

Method
BGT5/2�
BGTgs

BGT3/2�
BGTgs

BGT5/2+

BGTgs

Krofcheck 71Ga(p, n)71Ge < 0.057 0.126± 0.023

Haxton Shell Model 0.19± 0.18

Frekers 71Ga(3He, 3H)71Ge 0.040± 0.031 0.207± 0.016

JUN45 Shell Model (3.30± 1.66)⇥ 10�2 (1.59± 0.79)⇥ 10�2 (4.46± 2.24)⇥ 10�6

Table 7: Ratios of measured and expected 71Ge event rates in the four radioactive source experiments, their correlated
average, and the statistical significance of the gallium anomaly obtained with the cross sections in Table 5.

GALLEX-1 GALLEX-2 SAGE-1 SAGE-2 Average Anomaly

RBahcall 0.95± 0.11 0.81± 0.11 0.95± 0.12 0.79± 0.08 0.85± 0.06 2.6�

RHaxton 0.86± 0.13 0.74± 0.12 0.86± 0.14 0.72± 0.10 0.76± 0.10 2.5�

RFrekers 0.93± 0.11 0.79± 0.11 0.93± 0.12 0.77± 0.08 0.84± 0.05 3.0�

RJUN45 0.97± 0.11 0.83± 0.11 0.97± 0.12 0.81± 0.08 0.88± 0.05 2.3�

line of Table 6. The cross sections of 51Cr and 37Ar electron neutrinos can be calculated from the
Gamow-Teller strengths through

� = �gs

✓
1 + ⇠5/2�

BGT5/2�
BGTgs

+ ⇠3/2�
BGT3/2�
BGTgs

+ ⇠5/2+
BGT5/2+

BGTgs

◆
, (6)

with the phase-space coe�cients [35]

⇠5/2�(
51Cr) = 0.663 ⇠3/2�(

51Cr) = 0.221 ⇠5/2+(
51Cr) = 0, (7)

⇠5/2�(
37Ar) = 0.691 ⇠3/2�(

37Ar) = 0.262 ⇠5/2+(
37Ar) = 0.200 (8)

and [35]

�gs(
51Cr) = (5.53± 0.01)⇥ 10�45 cm2 , (9)

�gs(
37Ar) = (6.62± 0.01)⇥ 10�45 cm2 . (10)

The first line in Table 7 gives the ratios of measured and expected 71Ge event rates in the four
radioactive source experiments and their correlated average obtained using the Bahcall cross section,
which led to a 2.6�gallium anomaly.

In 1998 Haxton [8] published a shell model calculation of BGT5/2� that gave the relatively
large value in the second line of Table 6, albeit with a very large uncertainty. The cross sections
obtained with the Haxton BGT5/2� and the Krofcheck et al. measurement of BGT3/2� are listed
in the second line of Table 5. As one can see from Table 7 the larger uncertainties of the Haxton
cross sections lead to a slight decrease of the gallium anomaly from the Bahcall 2.6� to 2.5�, in
spite of the larger Haxton cross sections.
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• Neutrino oscillations well established 
3-flavour paradigm very successful 

• previous hints for CP violation disappeared:  
• CP cons. @ 0.6σ 
• if restricted to inverted ordering: CPV preferred at ~3σ 

• previous hints for normal ordering decreased:  

• Δ𝝌2(IO) = 2.7 (no SK atm) / 7.1 (w SK atm)  
opposite tendencies in different sets of experiments  

• preference for NO from SK atm is decreasing 

61

Summary — fate of hints 1
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• previous tension between solar and KamLAND data disappeared 
• no hint for non-standard interactions 
• but Dark-LMA still allowed: O(1) perturbation, MO degeneracy 

• eV sterile @ reactors:  
• reactor flux predictions: situation unclear, dominated by theory uncertainties 
• spectral distortions at reactors: a number of 2-3σ hints, 

no clear best fit emerging, statistical interpretation non-trivial 

• Gallium anomaly: significance decreases from 3.0σ → 2.3σ due to new shell-
model cross section calculations [Kostensalo et al., 1906.10980] 

• LSND and MiniBooNE  
• sterile neutrino oscillation interpretation strongly disfavoured 
• no clear hints for more exotic explanations (but testable predictions)
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Summary — fate of hints 2


