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Motivation

Kopp, Maltoni, and Schwetz  --  arXiv:1103:4570

A single sterile neutrino is disfavored by the data...
but what if we add a second (very heavy) one?
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Disappearance probability

The very heavy fifth neutrino has nontrivial effects, even at low energy:

1� P⌫↵!⌫↵ = 4|U↵4|2
�
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“Zero distance effect” gives disappearance≠0
(Langacker and London, 1988)
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(Four neutrino case is limit              )U↵5 ! 0



(Nelson, 2010)

Appearance probability
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r can be greater than 1:

� can reduce sensitivity to 
specific masses and mixings 
via CP violation

zero distance effects



Plenty of Oscillation Data...

• Many different data sets...

‣ positive: LSND and MiniBooNe (2009, 2010, 2011)

‣ null: KARMEN, NOMAD, NuTeV, CCFR, E776, E701, MiniBooNe 
(2007),      disappearance at reactors,      disappearance at CDHS, 
CCFR, and Super-Kamiokande

⌫̄e ⌫µ

Different experiments are sensitive to different
mass splittings (when x~1) and to different

mixing angles (by construction)



Appearance Results

Chronologically: LSND, 
MBnu, then MBantinu, 
which has been updated 
(preliminarily)
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Old and new antinu 
data are fairly different, 
especially at low energy 
(high L/E)
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Best fits

When dropping low-energy points, CP violation is much more effective



Parameter space of interest

sin2 2✓µe = 4|Ue4|2|Uµ4|2r�m2
41 versus

In the small mixing, CP-conserving limit, we have

sin2 2✓µe ⇡ r sin2 2✓µ4 sin
2 2✓e4/4

is r>1 allowed?
is CP violation important?



A few objectives...

• Combine disappearance observations to get constraints on 
appearance mixing angle

• Fit to the data to see how including the MB neutrino data, using the 
high L/E bins, and taking the new data affect the fit

• Does a very heavy fifth neutrino help us achieve agreement?

• Can the fifth neutrino do anything else (other anomalies)? If so, 
what parameter space can it live in?



Tension in the data...
+1

possible handles (r �or ) are constrained to be ineffective



r and �

r offers a multiplicative 
enhancement, but is bound 

to be very close to one 
(by zero distance effects)

 offers more parameter 
freedom, less sensitivity to mass 
and mixing, but new low-energy 
data doesn’t like CP violation

�



Flux anomalies

• Position- and energy-independent reductions in flux

• Mixing angle is same order of magnitude, and      s 
happen to be fairly shallow
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FIG. 3: Comparisons of the data to various oscillation predic-
tions for the LSND (top) and KARMEN (bottom) data using
the Fukugita prediction, as described in the text.

a combined �2 for LSND and KARMEN with respect
to the prediction using the statistical error for each data
point and employing three pull terms as a method to in-
corporate systematic uncertainties. The first pull term
represents the correlated normalization error. As noted
in the KARMEN paper [1], LSND and KARMEN have
a 7% systematic error on the neutrino flux normalization
from the flux simulation that is correlated between the
two experiments [18, 19]. This is combined in quadra-
ture with the 12% systematic error on the normalization
for the Fukugita prediction to give the correlated nor-
malization pull term in the �2 calculation. The remain-
ing uncorrelated normalization uncertainties for each ex-
periment are 7% for LSND [2] and 5% for KARMEN
[1]. These uncertainties are used as the two other pull
terms in the �2 calculation. To determine the 90% CL
allowed regions in �m2 and sin2 2✓ee, we marginalize
over the three normalization pull parameters and use a
��2 > 4.61 requirement for the two-degrees-of-freedom
excluded region.

The results of the fits using the Fukugita prediction
are shown in Fig. 3. Table II reports the �2 and degrees
of freedom (DOF) for various joint fits to the LSND and
KARMEN data points. The fit without oscillations (No
Osc), shown as the long-dashed line in Fig. 3, has a ��2

probability of 91.5% and is only excluded at the 1.7�
level. As a result, we use the data to set a limit on ⌫e
disappearance and calculate the 95% CL exclusion region
shown in Fig. 4. The best fit, indicated by the solid lines
in Fig. 3, is at �m2 = 7.49 ± 0.39 eV2 and sin2 2✓ee =
0.290± 0.115.

Comparing the data to an oscillation model with the
best-fit Gallium parameters illustrates the strong dis-
agreement, though we note that the Gallium fit had a

Fukugita et al. Cross Section
Fit Type �m2(eV2) sin2 2✓ee �2/DOF
Best Fit 7.49 ± 0.39 0.290 ±0.115 5.5/9
No Osc — 0.000 (fixed) 10.4/11
Gallium 2.24 (fixed) 0.500 (fixed) 34.3/11
Reactor Anomaly 1.78 (fixed) 0.089 (fixed) 10.2/11

Kolbe et al. Cross Section
Fit Type �m2(eV2) sin2 2✓ee �2/DOF
Best Fit 7.49 ± 0.39 0.281 ± 0.115 6.1/9
No Osc — 0.000 (fixed) 10.7/11
Gallium 2.24 (fixed) 0.500 (fixed) 37.8/11
Reactor Anomaly 1.78 (fixed) 0.089 (fixed) 10.8/11

TABLE II: Results of fits using the Fukugita (top) or Kolbe
(bottom) cross sections for the predicted energy dependence.
The resultant or assumed �m2 and sin2 2✓ee values, along
with the �2 and degrees of freedom (DOF) for the fits are
shown.
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FIG. 4: The 95% ⌫e disappearance limit from the Fukugita
(EPT) fit (solid, black line) compared to the predicted sensi-
tivity (dotted line). Also shown is the 68% (darker, shaded
region) and 90% (lighter, shaded region) contours from the
Gallium experiments. The dashed line is the Kolbe (CRPA)
fit.

rather shallow minimum [10, 14]. The Gallium fit re-
ported in Table II and shown as the dashed line on Fig. 3
is poor. This point has a �2 probability of less than
3.2 ⇥ 10�4 and is, therefore, ruled out at 3.6�. (The
��2 for this point has a probability of 5.3⇥ 10�7, which
corresponds to a 5.0� exclusion.) Most of the Gallium
allowed region, indicated at 68% and 90% CL on Fig. 4,
is excluded at 95% CL by this analysis.
As discussed above, all models tend to follow a (E⌫ �

Q)2 dependence. Nevertheless, small di↵erences between
the Fukugita (EPT) and Kolbe (CRPA) predictions,
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FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

Mention et al.,  1101.2755

Conrad and Shaevitz,
1106.5552

�2

Giunti and Laveder,
1006.3244



Flux anomalies

• Position- and energy-independent reductions in flux

• Mixing angle is same order of magnitude, and      s 
happen to be fairly shallow
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FIG. 3: Comparisons of the data to various oscillation predic-
tions for the LSND (top) and KARMEN (bottom) data using
the Fukugita prediction, as described in the text.

a combined �2 for LSND and KARMEN with respect
to the prediction using the statistical error for each data
point and employing three pull terms as a method to in-
corporate systematic uncertainties. The first pull term
represents the correlated normalization error. As noted
in the KARMEN paper [1], LSND and KARMEN have
a 7% systematic error on the neutrino flux normalization
from the flux simulation that is correlated between the
two experiments [18, 19]. This is combined in quadra-
ture with the 12% systematic error on the normalization
for the Fukugita prediction to give the correlated nor-
malization pull term in the �2 calculation. The remain-
ing uncorrelated normalization uncertainties for each ex-
periment are 7% for LSND [2] and 5% for KARMEN
[1]. These uncertainties are used as the two other pull
terms in the �2 calculation. To determine the 90% CL
allowed regions in �m2 and sin2 2✓ee, we marginalize
over the three normalization pull parameters and use a
��2 > 4.61 requirement for the two-degrees-of-freedom
excluded region.

The results of the fits using the Fukugita prediction
are shown in Fig. 3. Table II reports the �2 and degrees
of freedom (DOF) for various joint fits to the LSND and
KARMEN data points. The fit without oscillations (No
Osc), shown as the long-dashed line in Fig. 3, has a ��2

probability of 91.5% and is only excluded at the 1.7�
level. As a result, we use the data to set a limit on ⌫e
disappearance and calculate the 95% CL exclusion region
shown in Fig. 4. The best fit, indicated by the solid lines
in Fig. 3, is at �m2 = 7.49 ± 0.39 eV2 and sin2 2✓ee =
0.290± 0.115.

Comparing the data to an oscillation model with the
best-fit Gallium parameters illustrates the strong dis-
agreement, though we note that the Gallium fit had a

Fukugita et al. Cross Section
Fit Type �m2(eV2) sin2 2✓ee �2/DOF
Best Fit 7.49 ± 0.39 0.290 ±0.115 5.5/9
No Osc — 0.000 (fixed) 10.4/11
Gallium 2.24 (fixed) 0.500 (fixed) 34.3/11
Reactor Anomaly 1.78 (fixed) 0.089 (fixed) 10.2/11

Kolbe et al. Cross Section
Fit Type �m2(eV2) sin2 2✓ee �2/DOF
Best Fit 7.49 ± 0.39 0.281 ± 0.115 6.1/9
No Osc — 0.000 (fixed) 10.7/11
Gallium 2.24 (fixed) 0.500 (fixed) 37.8/11
Reactor Anomaly 1.78 (fixed) 0.089 (fixed) 10.8/11

TABLE II: Results of fits using the Fukugita (top) or Kolbe
(bottom) cross sections for the predicted energy dependence.
The resultant or assumed �m2 and sin2 2✓ee values, along
with the �2 and degrees of freedom (DOF) for the fits are
shown.
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FIG. 4: The 95% ⌫e disappearance limit from the Fukugita
(EPT) fit (solid, black line) compared to the predicted sensi-
tivity (dotted line). Also shown is the 68% (darker, shaded
region) and 90% (lighter, shaded region) contours from the
Gallium experiments. The dashed line is the Kolbe (CRPA)
fit.

rather shallow minimum [10, 14]. The Gallium fit re-
ported in Table II and shown as the dashed line on Fig. 3
is poor. This point has a �2 probability of less than
3.2 ⇥ 10�4 and is, therefore, ruled out at 3.6�. (The
��2 for this point has a probability of 5.3⇥ 10�7, which
corresponds to a 5.0� exclusion.) Most of the Gallium
allowed region, indicated at 68% and 90% CL on Fig. 4,
is excluded at 95% CL by this analysis.
As discussed above, all models tend to follow a (E⌫ �

Q)2 dependence. Nevertheless, small di↵erences between
the Fukugita (EPT) and Kolbe (CRPA) predictions,
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FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1 eV2 and
sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew)−∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV

2) C.L. (%)
Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5

Gallium (G) > 0.06 > 0.13 96.1
MiniBooNE (M) — — 72.4

ILL-S — — 68.1
R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.
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     must be invisible on collider timescales and can’t mix too 
strongly, but otherwise is allowed to be around 0.3 - 10 GeV



Conclusions

• Neutrino phenomenology is an area with lots of data, puzzling 
issues, and plenty of good ideas remaining

• Very heavy states can have nontrivial effects on the low-energy 
physics

• There is parameter space available and there are motivations to put 
a neutrino there...

• ...but the 3+1+1 framework on its own doesn’t seem capable of fully 
resolving all the tension in the data


