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First there was LSND...
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3.8σ excess in 
antineutrinos at 
L/E ≈ 0.4-1.2 m/MeV

requires presence of 
sterile neutrino states 
with Δm2 = 1 eV2

GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

ok

Tuesday 26 June 2012

GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

ok

Tuesday 26 June 2012

2

Friday 29 June 2012



GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

First there was LSND...

3

!"#$%&'()*+,-+.*/*0$(*+,-+

!"#"$%%&'(")***(
((((((((((+()"#,-./0.1.21%3(.45.3"6.#1(789:;(+1(<.36"-+=>(

(((((((((()?%31/=+).-"#.(7@AA(6;(.45.3"6.#1().+32?"#,(B%3(
(((((      !.(7%3(+#1"/!.;(+55.+3"#,("#(

((((((((((!"(7%3(+#1"/!";(=.+6*

***6%1"C+1.0(=D(1?.(EF&G(+#%6+-D
!

EF&G(B%H#0(+#(.42.))(%B(!.("#(!"(=.+6

F",#+1H3.I(8.3.#J%C(K()2"#*(-",?1(B3%6(.L(
M"1?(0.-+D.0(#/2+51H3.(7:*:(!.N;

'42.))I(OP*Q(R(::*S(R(T*A(7U*O#;

V#0.3(+(:!(6"4"#,(?D5%1?.)")I

!

EF&G(0+1+

3.8σ excess in 
antineutrinos at 
L/E ≈ 0.4-1.2 m/MeV

requires presence of 
sterile neutrino states 
with Δm2 = 1 eV2

GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

ok

Tuesday 26 June 2012

GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

ok

Tuesday 26 June 2012

The LSND Problem

Friday 29 June 2012



GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

and then MiniBooNE...

The idea was to specifically test the LSND signal 

The L/E was chosen to be the same as LSND

Since oscillations depend on L/E......

Expectation was that if there is no excess at this same 
L/E, then LSND would be refuted
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MiniBooNE (2007)

“The MiniBooNE results resolve 
questions raised by 
observations of the LSND.....

MiniBooNE researchers 
showed conclusively that the 
LSND results could not be due to 
simple neutrino oscillation,.... “
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events) for 475 < EQE
! < 1250 MeV; however, an ex-

cess of events (96±17±20 events) is observed below 475
MeV. This low-energy excess cannot be explained by a
two-neutrino oscillation model, and its source is under
investigation. The dashed histogram in Fig. 2 shows the
predicted spectrum when the best-fit two-neutrino oscil-
lation signal is added to the predicted background. The
bottom panel of the figure shows background-subtracted
data with the best-fit two-neutrino oscillation and two
oscillation points from the favored LSND region. The
oscillation fit in the 475 < EQE

! < 3000 MeV energy
range yields a !2 probability of 93% for the null hypoth-
esis, and a probability of 99% for the (sin2 2" = 10!3,
!m2 = 4 eV2) best-fit point.
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FIG. 2: The top plot shows the number of candidate !e events
as a function of EQE

! . The points represent the data with sta-
tistical error, while the histogram is the expected background
with systematic errors from all sources. The vertical dashed
line indicates the threshold used in the two-neutrino oscilla-
tion analysis. Also shown are the best-fit oscillation spec-
trum (dashed histogram) and the background contributions
from !µ and !e events. The bottom plot shows the number of
events with the predicted background subtracted as a func-
tion of EQE

! , where the points represent the data with total
errors and the two histograms correspond to LSND solutions
at high and low !m2.

A single-sided raster scan to a two neutrino
appearance-only oscillation model is used in the energy
range 475 < EQE

! < 3000 MeV to find the 90% CL limit
corresponding to !!2 = !2

limit ! !2
bestfit = 1.64. As

shown by the top plot in Fig. 3, the LSND 90% CL al-
lowed region is excluded at the 90% CL. A joint analysis
as a function of !m2, using a combined !2 of the best
fit values and errors for LSND and MiniBooNE, excludes

at 98% CL two-neutrino appearance oscillations as an
explanation of the LSND anomaly. The bottom plot of
Fig. 3 shows limits from the KARMEN [2] and Bugey
[32] experiments.

A second analysis developed simultaneously and with
the same blindness criteria used a di"erent set of recon-
struction programs, PID algorithms, and fitting and nor-
malization processes. The reconstruction used a simpler
model of light emission and propagation. The PID used
172 quantities such as charge and time likelihoods in an-
gular bins, M"", and likelihood ratios (electron/pion and
electron/muon) as inputs to boosted decision tree algo-
rithms [33] that are trained on sets of simulated signal
events and background events with a cascade-training
technique [34]. In order to achieve the maximum sen-
sitivity to oscillations, the #µ-CCQE data sample with
two subevents were fit simultaneously with the #e-CCQE
candidate sample with one subevent. By forming a !2

using both data sets and using the corresponding covari-
ance matrix to relate the contents of the bins of the two
distributions, the errors in the oscillation parameters that
best describe the #e-CCQE candidate data set were well
constrained by the observed #µ-CCQE data. This pro-
cedure is partially equivalent to doing a #e to #µ ratio
analysis where many of the systematic uncertainties can-
cel.

The two analyses are very complementary, with the
second having a better signal-to-background ratio, but
the first having less sensitivity to systematic errors from
detector properties. These di"erent strengths resulted in
very similar oscillation sensitivities and, when unblinded,
yielded the expected overlap of events and very similar
oscillation fit results. The second analysis also sees more
events than expected at low energy, but with less signif-
icance. Based on the predicted sensitivities before un-
blinding, we decided to present the first analysis as our
oscillation result, with the second as a powerful cross-
check.

In summary, while there is a presently unexplained
discrepancy with data lying above background at low
energy, there is excellent agreement between data and
prediction in the oscillation analysis region. If the oscil-
lations of neutrinos and antineutrinos are the same, this
result excludes two neutrino appearance-only oscillations
as an explanation of the LSND anomaly at 98% CL.

We acknowledge the support of Fermilab, the Depart-
ment of Energy, and the National Science Foundation.
We thank Los Alamos National Laboratory for LDRD
funding. We acknowledge Bartoszek Engineering for the
design of the focusing horn. We acknowledge Dmitri Top-
tygin, Anna Pla, and Hans-Otto Meyer for optical mea-
surements of mineral oil. This research was done using
resources provided by the Open Science Grid, which is
supported by the NSF and DOE-SC. We also acknowl-
edge the use of the LANL Pink cluster and Condor soft-
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MiniBooNE (2007)
"It was very important to verify or refute the surprising LSND result," said Robin Staffin, DOE 
Associate Director of Science for High Energy Physics. “The MiniBooNE experiment was an 
important one to do and is to be complimented for a job well done."

"As in many particle physics experiments, we have a result that answers some questions and 
raises others," said MiniBooNE co-spokesperson William Louis, Los Alamos National 
Laboratory, who also worked on the original LSND experiment. "We live in interesting times."

"We are delighted to see that the work of the MiniBooNE team has led to the resolution of this 
puzzle," said Marv Goldberg, Program Director for Elementary Particle Physics at the National 
Science Foundation. “

"It is great to get the MiniBooNE results out," said Fermilab Director Pier Oddone. "It clears one 
mystery but it leaves us with a puzzle that is important to understand."

April 7, 2007 Press Release
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MiniBooNE (2007) 
But wait...LSND saw oscillations in anti-neutrinos

MiniBooNE 2007 data was for neutrinos....

CPT violation?    

No...only CP violation is enough...
        add 2 sterile neutrinos  ..... 

(3+2) mass spectrum
7

Maltoni, Schwetz, 0705.0107Sorel, Conrad, Shaevitz
0305255

Karagiorgi et al, 0906.1997
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MiniBooNE (2009)

“No significant excess of events 
has been observed......
The data are inconclusive with 
respect to antineutrino 
oscillations suggested by data 
from the Liquid Scintillator 
Neutrino Detector at Los Alamos 
National Laboratory.”
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TABLE I: The expected number of events for di!erent EQE
!

ranges (in MeV) from all of the backgrounds in the !̄e appear-
ance analysis and for the LSND central expectation (0.26%
oscillation probability) of !̄µ ! !̄e oscillations, for 3.39"1020

POT.

Process 200 # 300 300 # 475 475 # 1250
(!)
!µ CCQE 1.3 1.6 1.2

NC "0 14.4 10.2 7.2
NC ! ! N# 1.7 4.9 2.0

External Events 2.2 2.5 1.9

Other
(!)
!µ 2.0 1.8 2.2

(!)
!e from µ± Decay 2.3 5.9 17.1

(!)
!e from K± Decay 1.4 3.8 11.7
(!)
!e from K0

L Decay 0.8 2.4 13.1

Other
(!)
!e 0.5 0.6 1.21

Total Background 26.7 33.6 57.8
0.26% !̄µ ! !̄e 0.6 3.7 12.6

the same parent (!!) as "̄µ CCQE events. The normal-
ization correction is accounted for in the oscillation fit
by a reduction in the quoted e!ective degrees of freedom
by one unit. After correction, the sample contains 95%
"̄µ and "µ produced in pion decays and 2.4% "̄µ and "µ

produced in kaon decays. The neutrino content of the
sample is 22%. The majority of events (71%) are true
CCQE interactions, with CC!± interactions being the
dominant source of background (20%). This sample is
included in the "̄e appearance fits as a function of 8 bins
of reconstructed neutrino energy, EQE

! , ranging from 0
to 1900 MeV.

Table I shows the number of predicted "̄e CCQE back-
ground events for di!erent ranges of EQE

! . The back-
ground estimates include both antineutrino and neu-
trino events, the latter representing ! 44% of the to-
tal. The predicted backgrounds to the "̄e CCQE sam-
ple are constrained by internal measurements at Mini-
BooNE. These measurements use event samples from re-
gions in reconstructed kinematic variables where any pos-
sible signal from "̄µ " "̄e is negligible, in order to pre-
serve blindness. The constrained backgrounds include
NC !0 events, " " N# radiative events, and events from
interactions outside the detector. The NC !0 background
events are adjusted in bins of !0 momentum according
to a direct !0 rate measurement in antineutrino mode,
following [17], which uses events reconstructed near the
!0 mass peak. The size of the applied correction to the
total NC !0 rate is less than 10%. The " " N# rate
is indirectly constrained, being related to the measured
!0 rate through a branching fraction and final state in-
teraction correction. The rate of backgrounds from ex-
ternal interactions is constrained through a direct mea-
surement at MiniBooNE, using a separate event sample
where the rate of external interaction events is enhanced.
Other backgrounds from mis-identified "µ or "̄µ receive
the "̄µ CCQE normalization correction according to their

FIG. 1: Top: The EQE
! distribution for !̄e CCQE data (points

with statistical errors) and background (histogram with un-
constrained systematic errors). Bottom: The event excess as
a function of EQE

! . Also shown are the expectations from
the best oscillation fit and from neutrino oscillation parame-
ters in the LSND allowed region. The error bars include both
statistical and systematic errors.

parentage at production (!+ or !!). Intrinsic "e and "̄e

events from the ! " µ decay chain also receive this nor-
malization.

Systematic uncertainties are determined by consider-
ing the e!ects on the "̄µ and "̄e CCQE rate prediction
of variations of fundamental parameters within their as-
sociated uncertainty. These include uncertainties on the
flux estimate, including beam modeling and hadron pro-
duction at the target, uncertainties on neutrino cross
sections, most of which are determined by in-situ cross-
section measurements at MiniBooNE or other experimen-
tal or theoretical sources, and uncertainties on detector
modeling and reconstruction. By considering the varia-
tion from each source of systematic uncertainty on the "̄e

CCQE signal, background, and "̄µ CCQE prediction as
a function of EQE

! , a covariance matrix in bins of EQE
!

is constructed, which includes correlations between "̄e

CCQE (signal and background) and "̄µ CCQE. This co-
variance matrix is used in the $2 calculation of the oscil-
lation fit.

Figure 1 (top) shows the EQE
! distribution for "̄e

CCQE observed data and background. A total of 144
events pass the "̄e event selection requirements with
200 < EQE

! < 3000 MeV. The data agree with the
background prediction within systematic and statistical
uncertainties. Fig. 1 (bottom) shows the event excess
as a function of EQE

! . Also shown are expectations
from the best "̄µ " "̄e oscillation parameters returned
by the fit and from two other sets of neutrino oscilla-
tion parameters from the LSND allowed region [1]. The
best oscillation fit for 200 < EQE

! < 3000 MeV cor-
responds to ("m2, sin2 2%) = (4.42 eV2, 0.004), and
has a $2 of 18.2 for 16 degrees of freedom (DF ), corre-

arxiv:0907.1958
antineutrino data sample 
corresponding to 
3.39 x 1020 protons on target

From the abstract
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MiniBooNE (2010)

antineutrino data sample 
corresponding to 
5.66 x 1020 protons on target

“The data are consistent with 
νμ to νe  in the 0.1 to 1.0 eV2 Δm2 
range and with the evidence for 
antineutrino oscillations from the 
Liquid Scintillator Neutrino 
Detector at Los Alamos National 
Laboratory.”

arxiv:1007.1150 3
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FIG. 1: Top: The EQE
! distribution for !̄e CCQE data (points

with statistical errors) and background (histogram with sys-
tematic errors). Bottom: The event excess as a function of
EQE

! . Also shown are the expectations from the best oscilla-
tion fit with EQE

! > 475 MeV, (!m2, sin2 2") = (0.064 eV2,
0.96), where the fit is extrapolated below 475 MeV, and from
two other oscillation parameter sets in the allowed region. No
correction has been made for the low-energy excess of events
seen in neutrino mode below 475 MeV. All known systematic
errors are included in the systematic error estimate.

previous neutrino run analysis, event totals were consid-
ered in two energy regions: 200 - 475 MeV and 475 -
3000 MeV, where the latter region was the energy range
for the neutrino oscillation search. For the antineutrino
data, the excess for 475 < EQE

! < 3000 MeV is 24.7±18.0
events.) In the energy range from 475 < EQE

! < 1250
MeV, the observed !̄e events, when constrained by the
!̄µ data events, have a "2/DF = 18.5/6 and a proba-
bility of 0.5% for a background-only hypothesis. (This
compares to the 40% probability that is observed in neu-
trino mode [3] for the same energy range.) DF is the
e!ective number of degrees of freedom from frequentist
studies. The number of data, fitted background, and ex-
cess events for di!erent EQE

! ranges are summarized in

TABLE II: The number of data, fitted (constrained) back-
ground, and excess events in the !̄e analysis for di!erent EQE

!

ranges. The uncertainties include both statistical and con-
strained systematic errors. All known systematic errors are
included in the systematic error estimate.

EQE
! Range Data Background Excess

200! 475 MeV 119 100.5 ± 10.0 ± 10.2 18.5± 14.3
475! 675 MeV 64 38.3± 6.2± 3.7 25.7 ± 7.2
475! 1250 MeV 120 99.1± 10.0 ± 9.8 20.9± 14.0
475! 3000 MeV 158 133.3 ± 11.5 ± 13.8 24.7± 18.0
200! 3000 MeV 277 233.8 ± 15.3 ± 16.5 43.2± 22.5

FIG. 2: The Evis (top panel) and cos(") (bottom panel) dis-
tributions for data (points with statistical errors) and back-
grounds (histogram with systematic errors) for EQE

! > 200
MeV.

Table II.

Fig. 2 shows the observed and predicted event distri-
butions as functions of reconstructed Evis and cos(#) for
200 < EQE

! < 3000 MeV. Evis is the measured visible en-
ergy, while # is the scattering angle of the reconstructed
electron with respect to the incident neutrino direction.
The background-only "2 values for the !̄e and !̄µ data
are "2/DF = 23.8/13 and "2/DF = 13.6/11 for Evis

and cos(#), respectively.

Many checks have been performed on the data to en-
sure that the backgrounds are estimated correctly. Beam
and detector stability checks show that the neutrino
event rate is stable to < 2% and that the detector energy
response is stable to < 1%. In addition, the fractions of
neutrino and antineutrino events are stable over energy
and time, and the inferred external event rates are similar
in both neutrino and antineutrino modes. Furthermore,
any single background would have to be increased by
more than 3 $ to explain the observed excess of events.
An additional check comes from the data in neutrino
mode, which has a similar background to antineutrino
mode and where good agreement is obtained between the
data and Monte Carlo simulation for EQE

! > 475 MeV.
As a final check, the event rate of candidate !̄e events in
the last 2.27! 1020 POT is found to be 1.9$ higher than
the candidate event rate in the first 3.39!1020 POT [14];

From the abstract
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FIG. 1: Top: The EQE
! distribution for !̄e CCQE data (points

with statistical errors) and background (histogram with sys-
tematic errors). Bottom: The event excess as a function of
EQE

! . Also shown are the expectations from the best oscilla-
tion fit with EQE

! > 475 MeV, (!m2, sin2 2") = (0.064 eV2,
0.96), where the fit is extrapolated below 475 MeV, and from
two other oscillation parameter sets in the allowed region. No
correction has been made for the low-energy excess of events
seen in neutrino mode below 475 MeV. All known systematic
errors are included in the systematic error estimate.

previous neutrino run analysis, event totals were consid-
ered in two energy regions: 200 - 475 MeV and 475 -
3000 MeV, where the latter region was the energy range
for the neutrino oscillation search. For the antineutrino
data, the excess for 475 < EQE

! < 3000 MeV is 24.7±18.0
events.) In the energy range from 475 < EQE

! < 1250
MeV, the observed !̄e events, when constrained by the
!̄µ data events, have a "2/DF = 18.5/6 and a proba-
bility of 0.5% for a background-only hypothesis. (This
compares to the 40% probability that is observed in neu-
trino mode [3] for the same energy range.) DF is the
e!ective number of degrees of freedom from frequentist
studies. The number of data, fitted background, and ex-
cess events for di!erent EQE

! ranges are summarized in

TABLE II: The number of data, fitted (constrained) back-
ground, and excess events in the !̄e analysis for di!erent EQE

!

ranges. The uncertainties include both statistical and con-
strained systematic errors. All known systematic errors are
included in the systematic error estimate.

EQE
! Range Data Background Excess

200! 475 MeV 119 100.5 ± 10.0 ± 10.2 18.5± 14.3
475! 675 MeV 64 38.3± 6.2± 3.7 25.7 ± 7.2
475! 1250 MeV 120 99.1± 10.0 ± 9.8 20.9± 14.0
475! 3000 MeV 158 133.3 ± 11.5 ± 13.8 24.7± 18.0
200! 3000 MeV 277 233.8 ± 15.3 ± 16.5 43.2± 22.5

FIG. 2: The Evis (top panel) and cos(") (bottom panel) dis-
tributions for data (points with statistical errors) and back-
grounds (histogram with systematic errors) for EQE

! > 200
MeV.

Table II.

Fig. 2 shows the observed and predicted event distri-
butions as functions of reconstructed Evis and cos(#) for
200 < EQE

! < 3000 MeV. Evis is the measured visible en-
ergy, while # is the scattering angle of the reconstructed
electron with respect to the incident neutrino direction.
The background-only "2 values for the !̄e and !̄µ data
are "2/DF = 23.8/13 and "2/DF = 13.6/11 for Evis

and cos(#), respectively.

Many checks have been performed on the data to en-
sure that the backgrounds are estimated correctly. Beam
and detector stability checks show that the neutrino
event rate is stable to < 2% and that the detector energy
response is stable to < 1%. In addition, the fractions of
neutrino and antineutrino events are stable over energy
and time, and the inferred external event rates are similar
in both neutrino and antineutrino modes. Furthermore,
any single background would have to be increased by
more than 3 $ to explain the observed excess of events.
An additional check comes from the data in neutrino
mode, which has a similar background to antineutrino
mode and where good agreement is obtained between the
data and Monte Carlo simulation for EQE

! > 475 MeV.
As a final check, the event rate of candidate !̄e events in
the last 2.27! 1020 POT is found to be 1.9$ higher than
the candidate event rate in the first 3.39!1020 POT [14];

From the abstract

Does that mean that it is inconsistent with their ν data?
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MiniBooNE (2010)

antineutrino data sample 
corresponding to 
5.66 x 1020 protons on target

“The data are consistent with 
νμ to νe  in the 0.1 to 1.0 eV2 Δm2 
range and with the evidence for 
antineutrino oscillations from the 
Liquid Scintillator Neutrino 
Detector at Los Alamos National 
Laboratory.”
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FIG. 1: Top: The EQE
! distribution for !̄e CCQE data (points

with statistical errors) and background (histogram with sys-
tematic errors). Bottom: The event excess as a function of
EQE

! . Also shown are the expectations from the best oscilla-
tion fit with EQE

! > 475 MeV, (!m2, sin2 2") = (0.064 eV2,
0.96), where the fit is extrapolated below 475 MeV, and from
two other oscillation parameter sets in the allowed region. No
correction has been made for the low-energy excess of events
seen in neutrino mode below 475 MeV. All known systematic
errors are included in the systematic error estimate.

previous neutrino run analysis, event totals were consid-
ered in two energy regions: 200 - 475 MeV and 475 -
3000 MeV, where the latter region was the energy range
for the neutrino oscillation search. For the antineutrino
data, the excess for 475 < EQE

! < 3000 MeV is 24.7±18.0
events.) In the energy range from 475 < EQE

! < 1250
MeV, the observed !̄e events, when constrained by the
!̄µ data events, have a "2/DF = 18.5/6 and a proba-
bility of 0.5% for a background-only hypothesis. (This
compares to the 40% probability that is observed in neu-
trino mode [3] for the same energy range.) DF is the
e!ective number of degrees of freedom from frequentist
studies. The number of data, fitted background, and ex-
cess events for di!erent EQE

! ranges are summarized in

TABLE II: The number of data, fitted (constrained) back-
ground, and excess events in the !̄e analysis for di!erent EQE

!

ranges. The uncertainties include both statistical and con-
strained systematic errors. All known systematic errors are
included in the systematic error estimate.

EQE
! Range Data Background Excess

200! 475 MeV 119 100.5 ± 10.0 ± 10.2 18.5± 14.3
475! 675 MeV 64 38.3± 6.2± 3.7 25.7 ± 7.2
475! 1250 MeV 120 99.1± 10.0 ± 9.8 20.9± 14.0
475! 3000 MeV 158 133.3 ± 11.5 ± 13.8 24.7± 18.0
200! 3000 MeV 277 233.8 ± 15.3 ± 16.5 43.2± 22.5

FIG. 2: The Evis (top panel) and cos(") (bottom panel) dis-
tributions for data (points with statistical errors) and back-
grounds (histogram with systematic errors) for EQE

! > 200
MeV.

Table II.

Fig. 2 shows the observed and predicted event distri-
butions as functions of reconstructed Evis and cos(#) for
200 < EQE

! < 3000 MeV. Evis is the measured visible en-
ergy, while # is the scattering angle of the reconstructed
electron with respect to the incident neutrino direction.
The background-only "2 values for the !̄e and !̄µ data
are "2/DF = 23.8/13 and "2/DF = 13.6/11 for Evis

and cos(#), respectively.

Many checks have been performed on the data to en-
sure that the backgrounds are estimated correctly. Beam
and detector stability checks show that the neutrino
event rate is stable to < 2% and that the detector energy
response is stable to < 1%. In addition, the fractions of
neutrino and antineutrino events are stable over energy
and time, and the inferred external event rates are similar
in both neutrino and antineutrino modes. Furthermore,
any single background would have to be increased by
more than 3 $ to explain the observed excess of events.
An additional check comes from the data in neutrino
mode, which has a similar background to antineutrino
mode and where good agreement is obtained between the
data and Monte Carlo simulation for EQE

! > 475 MeV.
As a final check, the event rate of candidate !̄e events in
the last 2.27! 1020 POT is found to be 1.9$ higher than
the candidate event rate in the first 3.39!1020 POT [14];

From the abstract

Does that mean that it is inconsistent with their ν data?

CPT violation? CP violations...(3+2)
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Figure 3: Global constraints on sterile neutrinos in the 3+1
model. We show the allowed regions at 90% and 99% CL from
a combined analysis of the LSND [3] and MiniBooNE anti-
neutrino [4] signals (filled regions), as well as the constraints
from the null results of KARMEN [20], NOMAD [21] and
MiniBooNE neutrino [19] appearance searches (blue contour).
The limit from disappearance experiments (green contours)
includes data from CDHS [22], atmospheric neutrinos, and
from the SBL reactor experiments. For the latter we compare
the results for the new anti-neutrino flux prediction from [5]
(solid) and the previous ones [6] (dashed). The region to the
right of the curves is excluded at 99% CL.

atmospheric neutrinos. Technical details of our analysis
can be found in [8, 10] and references therein.

In the 3+1 scheme the SBL experiments depend on
the three parameters !m2

41, |Ue4|, and |Uµ4|. Since
only one mass-scale is relevant in this case it is not
possible to obtain CP violation. Therefore, oscillations
involving one sterile neutrino are not capable of rec-
onciling the di"erent results for neutrino (MiniBooNE)
and anti-neutrino (LSND and MiniBooNE) appearance
searches. Fig. 3 compares the allowed regions from LSND
and MiniBooNE anti-neutrino data to the constraints
from the other experiments in the 3+1 model. Note
that, even though reactor analyses using the new flux
prediction prefer non-zero Ue4, no closed regions ap-
pear for the disappearance bound (solid curve), since
sin2 2!SBL = 4|Ue4|2|Uµ4|2 can still become zero if
Uµ4 = 0. We find that the parameter region favored by
LSND and MiniBooNE anti-neutrino data is ruled out by
other experiments, except for a tiny overlap of the three
99% CL contours around !m2

41 ! 1 eV2. Note that in
this region the constraint from disappearance data does
not change significantly due to the new reactor flux pre-
dictions. Using the PG test from [23] we find a compat-
ibility of the LSND+MiniBooNE("̄) signal with the rest
of the data only of about 10!5, with #2

PG
= 21.5(24.2)

!m2
41 |Ue4| |Uµ4| !m2

51 |Ue5| |Uµ5| !/" #2/dof

3+2 0.47 0.128 0.165 0.87 0.138 0.148 1.64 110.1/130

1+3+1 0.47 0.129 0.154 0.87 0.142 0.163 0.35 106.1/130

Table II: Parameter values and #2 at the global best fit
points for 3+2 and 1+3+1 oscillations (!m2’s in eV2).
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Figure 4: Predicted spectra for MiniBooNE data and the
transition probability for LSND (inset). Solid histograms re-
fer to the 3+2 global best fit point (Tab. II), dashed his-
tograms correspond to the best fit of appearance data only
(LSND, MiniBooNE $/$̄, KARMEN, NOMAD). For Mini-
BooNE we fit only data above 475 MeV.

for new (old) reactor fluxes. Hence we conclude that the
3+1 scenario does not provide a satisfactory description
of the data despite the new hint coming from reactors.
Let us move now to the 3+2 model, where SBL exper-

iments depend on the seven parameters listed in Tab. II.
In addition to the two mass-squared di"erences and the
moduli of the mixing matrix elements, also a physical
complex phase enters, $ " arg(Uµ4U

"

e4U
"

µ5Ue5). This
phase leads to CP violation in SBL oscillations [8, 24],
allowing to reconcile di"ering neutrino and anti-neutrino
results from MiniBooNE/LSND. Tab. II shows the para-
meter values at the global best fit point and the corre-
sponding #2 value. Changing from the previous to the
new reactor flux calculations the #2 decreases by 10.6
units, indicating a significant improvement of the descrip-
tion of the data, see also upper panel of Fig. 2. From that
figure follows also that going from 3+1 to 3+2 leads to
a significant improvement of the fit with the new reactor
fluxes, which was not the case with the old ones. The
#2 improves by 11.2 units, which means that 3+1 is dis-
favoured at the 97.6% CL (4 dof) with respect to 3+2,
compared to !#2 = 6.3 (82% CL) for old fluxes.
In Fig. 1 we show the prediction for the Bugey spectra

at the global best fit point as dashed curves. Clearly they
are very similar to the best fit of reactor data only. Fig. 4
shows the predicted spectra for MiniBooNE neutrino and
anti-neutrino data, as well as the LSND "̄µ # "̄e transi-
tion probability. Again we find an acceptable fit to the

Schwetz, Maltoni, 1103.4570

From a Global  Fit
with data before 
Neutrino 2012

4

LSND+MB(!̄) vs rest appearance vs disapp.

old new old new

"2
PG,3+2/dof 25.1/5 19.9/5 19.9/4 14.7/4

PG3+2 10!4 0.13% 5! 10!4 0.53%

"2
PG,1+3+1/dof 19.6/5 16.0/5 14.4/4 10.6/4

PG1+3+1 0.14% 0.7% 0.6% 3%

Table III: Compatibility of data sets [23] for 3+2 and 1+3+1
oscillations using old and new reactor fluxes.

data, although in this case the fit is slightly worse than
a fit to appearance data only (dashed histograms). Note
that MiniBooNE observes an event excess in the lower
part of the spectrum. This excess can be explained if only
appearance data are considered, but not in the global
analysis including disappearance searches [8]. Therefore,
we follow [19] and assume an alternative explanation for
this excess, e.g. [25]. In Tab. III we show the compat-
ibility of the LSND/MiniBooNE(!̄) signal with the rest
of the data, as well as the compatibility of appearance
and disappearance searches using the PG test from [23].
Although the compatibility improves drastically when
changing from old to new reactor fluxes, the PG is still
below 1% for 3+2. This indicates that some tension be-
tween data sets remains. We considered also a “1+3+1”
scenario, in which one of the sterile mass eigenstates is
lighter than the three active ones and the other is heav-
ier [26]. As can be seen from Tabs. II and III the fit
of 1+3+1 is slightly better than 3+2, with !"2 = 15.2
between 3+1 and 1+3+1 (99.6% CL for 4 dof). How-
ever, due to the larger total mass in neutrinos, a 1+3+1
ordering might be in more tension with cosmology than
a 3+2 scheme [27–29]. Fig. 5 shows the allowed regions
for the two eV-scale mass-squared di"erences for the 3+2
and 1+3+1 schemes.
Discussion. Let us comment briefly on other signatures

of eV sterile neutrinos. We have checked the fit of solar
neutrino data and the KamLAND reactor experiment,
and found excellent agreement. The e"ect of non-zero
values of Ue4 and Ue5 for these data are similar to the
one of Ue3 in the standard three-active neutrino case, and
hence the 3+2 best fit point mimics a non-zero Ue3 close
to the preferred value of these data, see [1, 2, 30]. The
MINOS long-baseline experiment has performed a search
for sterile neutrinos via neutral current (NC) measure-
ments [31]. We have estimated that the best fit points
reported in Tab. II lead to an increase of the "2 of MINOS
NC data as well as "2

PG
by a few units [30]. Radioactive

source measurements in Gallium solar neutrino experi-
ments report an event deficit which could be a manifes-
tation of electron neutrino disappearance due to eV-scale
sterile neutrinos [32]. Our best fit points fall in the range
of parameter values found in [32] capable to explain these
data. Finally, eV-scale sterile neutrinos may manifest

!
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Figure 5: The globally preferred regions for the neutrino
mass squared di!erences "m2

41 and "m2
51 in the 3+2 (upper

left) and 1+3+1 (lower right) scenarios.

themselves in cosmology. Recent studies [27–29] indicate
a slight preference for extra radiation content in the uni-
verse (mainly from CMB measurements) and one or two
sterile neutrino species with masses in the sub-eV range
might be acceptable. Big-Bang nucleosynthesis leads to
an upper bound on the number of extra neutrino species
of 1.2 at 95% CL [33], which may be a challenge for two-
sterile neutrino schemes, or indicate a deviation from the
standard cosmological picture.

In conclusion, we have shown that a global fit to short-
baseline oscillation searches assuming two sterile neutri-
nos improves significantly when new predictions for the
reactor neutrino flux are taken into account, although
some tension remains in the fit. We are thus facing an
intriguing accumulation of hints for the existence of ster-
ile neutrinos at the eV scale, and a confirmation of these
hints in the future would certainly be considered a major
discovery.
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Atmospheric neutrinos travel 10,000 km to IceCube
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Atmospheric neutrinos can have energies in 1-10 TeV
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In the 3+1 mass scheme:
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For Δm242=1 eV2, ρ = 8 gm/cc, Eres=3 TeV
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Conditions for Maximal 
Oscillations

Pνµνµ ≈ 1− sin2 2θM24 sin
2(
(∆m2

42)
ML

4E
)

when sin2(
(∆m2

42)
ML

4E
) → 1

AND sin2 2θM24 → 1
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Figure 1: Values of sin2 !24 at which we have maximal oscillations as a function of the distance L
travelled inside Earth. We have assumed sin2 !14 = 0 and sin2 !34 = 0 and the 3+1 mass spectrum.
The dashed line shows the boundary between the mantle and core of the Earth.
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We note that the probabilities depend only on the 3 extra mixing angles !14, !24 and !34. In par-
ticular, Pµe and Pµµ depend explictly on !14 and !24 and it seems that it is apparently independent
of !34. We will see that this is not the case always and there is an implicit !34 dependence due to
matter e"ects.

The mixing angle !14 a"ects strongly the Pee channel. But in this section, we keep fixed !14 = 0
for simplicity and concentrate on the oscillation channels a"ecting the muon type (anti)neutrino.
We will probe the impact of !14 in the more realistic 3+2 scenario in next section. We first present
results where the mixing angle !34 is also fixed at 0 and only !24 is the non-zero sterile mixing
angle. Finally we present results where both !24 and !34 are non-zero.

8

SC, 0709.1937

Values of sin2θ24 >0.02 should be good enough

tan θ24 =
32.55× 103

ρL(km gm/cc)
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Pνµνµ ≈ 0
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Oscillations at TeV 
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Figure 2: The survival probability Pµµ as a function of L using the PREM profile for the Earth
density. The di!erent line types correspond to di!erent fixed values of E and each panel shows
the results for di!erent fixed values of sin2 !24 given in the panels. We have assumed the 3+1 mass
spectrum and taken |"m2

41| = 1 eV2, sin2 !14 = 0 and sin2 !34 = 0. The probability corresponds
to neutrinos for "m2

41 < 0 and to antineutrinos for "m2
41 > 0.

3.1 Oscillation Probabilities in 3+1 when !14 = 0 and !34 = 0

For both !14 = 0 and !34 = 0, the probabilities assume very simple forms

Pµµ ! 1 " sin2 2!M
24 sin2

!

("m2
41)

ML

4E

"

, (28)

Pµs ! sin2 2!M
24 sin2

!

("m2
41)

ML

4E

"

, (29)

Pµe ! 0 , Pµ! ! 0 , Pe! ! 0 , Pee ! 1 . (30)

This is therefore a case of simple two-generation "µ " "s oscillations. The mixing angle and mass
squared di!erence in matter are given as

sin 2!M
24 = sin 2!24

"m2
41

("m2
41)M

, (31)

("m2

41)
M =

#

("m2
41 cos 2!24 ±

#
2GFNA#YeE)2 + ("m2

41 sin 2!24)2 , (32)
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Figure 4: The !µ ! !µ (upper left hand panel), !µ ! !! (upper right hand panel) and !µ ! !s

(lower right hand panel) oscillation probabilities, as a function of the neutrino energy E for the 3+1
mass spectrum, when the neutrinos travel a distance L = 2Re, where Re is the radius of the Earth.
The black (dark) solid lines show the probabilities for neutrinos while the cyan (light) solid lines
show the probabilities for antineutrinos. The dashed lines give the probabilities if matter e!ects
were not taken into account and one had oscillations in vacuum. The values of the oscillation
parameters taken for this figure is shown in the lower left hand panel. In particular this plot is
for "m2

41 = 1 eV2. Probabilities in matter have been obtained using the PREM profile.

E = 2 TeV when "m2
41 = "1 eV2 ("m2

41 = +1 eV2). At lower values of E, where very large
matter e!ects in "m2

41 oscillations have still not set in, we note a marked di!erence between the
oscillations pattern of neutrinos and antineutrinos and between the cases where "m2

41 < 0 and
"m2

41 > 0. The oscillations for lower E are dependent on "m2
31 as well and the di!erence between

the oscillation mentioned above is due to both "m2
31 and "m2

41 dependent terms. Note that in
both cases we have kept "m2

31 > 0. The most important thing to note from this figure is that
around the point where we have maximal matter e!ects, Pµµ # 0, Pµ! # 1 and Pµs # 0 for the
neutrino (antineutrino) channel for "m2

41 < 0 ("m2
41 > 0). Such large oscillations should not be

di#cult to observe in the very high atmospheric neutrino data in neutrino telescopes.
In the previous subsection where we had put "34 = 0, we had argued that for L = 2Re, where

Re is the Earth’s radius, maximal oscillations of !µ would occur around sin2 "24 # 0.02. For
sin2 "24 = 0.04 we should therefore expect lesser oscillations. We had drawn these conclusions
using average constant matter density approximation for the Earth. For the PREM profile which

12
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Figure 9: Same as Fig. 8 but for !m2
41 = +0.87 eV2 and !m2

51 = +1.91 eV2. For !µ ! !s, we
show the !µ ! !s1 by thin line and !µ ! !s2 by thick line.

H2 + N3(a) : !m2
31 > 0, !m2

41 > 0 and !m2

51 < 0 , (42)

H2 + I3(a) : !m2
31 < 0, !m2

41 > 0 and !m2

51 < 0 , (43)

I2 + N3 : !m2
31 > 0, !m2

41 < 0 and !m2

51 < 0 , (44)

I2 + I3 : !m2
31 < 0, !m2

41 < 0 and !m2

51 < 0 , (45)

with !m2
21 > 0 always. In addition, the H2+N3 and H2+I3 schemes can have 2 more possibilities

[15]

H2 + N3(b) : !m2
31 > 0, !m2

41 < 0 and !m2

51 > 0 , (46)

H2 + I3(b) : !m2
31 < 0, !m2

41 < 0 and !m2

51 > 0 . (47)

Since there are two mass squared di"erence associated with the sterile states, we expect two
resonances. Whether the resonance occurs in the neutrino or the antineutrino channel depends on
the mass ordering. While the ordering of the mass states within the three active part is almost
inconsequential for the very high energy neutrinos we are concerned with here, the mass ordering
of the sterile states between themselves and with respect to the three active states is of utmost
importance. In particular, if both !m2

41 > 0 and !m2
51 > 0 (corresponding to the N2+N3 and

17
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Fluxes and Events3 Fluxes and numbers of events

The νµ−flux at the detector equals

Φµ = Φ0
µPµµ + Φ0

ePeµ ≈ Φ0
µPµµ, (20)

where Φ0
µ and Φ0

e are the original fluxes of νµ and νe without oscillations. Similar expression
holds for the antineutrinos. The effect of νe → νµ oscillations can be neglected (the last
equality in (20)). The reason is two fold: at high energies Φ0

µ � Φ0
e, with ratio r ≡ Φ0

µ/Φ
0
e >

20 for E ∼ 1 TeV. Furthermore, the transition probability Peµ � 1 and νe can be mostly
converted to νs.

Let us consider νe oscillations in some details. At high energies the mixing of νe and
ν �
µ is strongly suppressed: sin2 2θ12(ER

12/E)2, where ER
12 ∼ 0.1 GeV is the resonance energy

associated to the “solar” mass splitting ∆m2
21. The νe − ν �

τ mixing is absent in the limit
θ13 = 0, but if non-zero, the 1-3 mixing in matter is also suppressed in the TeV energy
range as ∼ sin2 2θ13(ER

13/E)2, where ER
13 ≈ 6 GeV is the energy of 1-3 resonance. Consider

the whole 4ν− scheme with νe admixture, Ue0, in the state ν0. Since for the νe potential
we have Ve ≈ −Vµ in the isotopically neutral medium, the νe − νs level crossing is in the
neutrino channel. The corresponding resonance energy ER

es ≈ ER
µs. The depth of νe − νµ

oscillations driven by ∆m2
01 equals

Deµ ≈ 4|Um
e0 |2|Um

µ0|2, (21)

where Um
e0 and Um

µ0 are the mixing parameters in matter. In vacuum: Deµ = sin2 2θLSND ∼
3 · 10−3. The mixing and the depth can be enhanced in resonances. In the ν̄µ− ν̄s resonance
the ν̄µ−mixing is enhanced, |Um

µ0|2 ∼ 1/2, whereas the νe− mixing is suppressed: |Um
e0 |2 ∼

|Ue0|2/4. As a result, Deµ ≈ |Ue0|2/2 <∼ 0.02. In the νe − νs resonance, inversely, the
ν̄µ−mixing is suppressed |Um

µ0|2 ∼ |Uµ0|2/4, and νe− mixing is enhanced |Um
e0 |2 = 1/2. So

that the depth of oscillations equals Deµ ≈ |Uµ0|2/2 <∼ 0.02. Therefore Peµ
<∼ 0.02, and the

contribution of the original νe flux to νµ flux at a detector, Peµr, is smaller than 10−3.

The rate of νµ events in a detector such as IceCube is given by

N =
�
dE

�
dΩ

�
Φµ(E, θz)Aeff(E, θz) + Φ̄µ(E, θz)Āeff(E, θz)

�
, (22)

with the appropriate integrations over the neutrino energy and solid angle. Additional
contribution to the muon events comes from the νµ → ντ oscillations, producing a flux
Φτ = Φ0

µPµτ at the detector. The tau lepton from ντ interaction has ≈ 18% probability to
decay into muon, which is then recorded as a νµ event. The ντ energy, however, needs to
be ∼ 2.5 times higher than the νµ energy to produce muon tracks of the same energy in
the detector. Notice that in the νs−mass mixing scheme ντ ’s appear in the νµ oscillation
dip, but this will lead to additional events at low energies. In other mixing schemes νµ’s are
transformed mainly into νs’s, and production of ντ is suppressed.

7

effective area

In Figs. 3 and 4 we show the sum of the νµ and ν̄µ energy spectra integrated over the

solid angle for the νs−mass mixing scheme. An estimation of the size of the oscillation

effects is rather easy: maximal, ≈ 100%, effect is for ν̄ in the resonance range; summation

with ν (whose flux is about 1.4 times larger) gives 40% effect; averaging over the zenith angle

from 180◦ to 90◦ produces another factor ∼ 1/2, and therefore one arrives at the maximal

∼ 20% suppression in the dip. Relative effect increases with narrowing the integration

region around vertical direction (see Fig. 5). Now the maximal effect can reach 40% and

further enhancement would require experimental separation of neutrino and antineutrino

signals. With increase of ∆m2
03 the dip shifts to high energies as E ∝ ∆m2

03. Increase of the

size of the dip with sin
2 α is more complicated. Suppression effect extends to low energies

due to oscillations in the ν− channel driven by the 2-3 mixing.

We also compare the predicted neutrino energy spectra in Figs. 3 and 4 with the “un-

folded” energy spectra reconstructed by IceCube [13]. Presently, this comparison can be

used for illustration only since reconstruction of the unfolded spectra implies significant

smearing and in general is not sensitive to the spectral distortion in small energy intervals.

Notice, however, that the size of the dip in the energy scale is larger than the size of the bin

of the reconstructed spectrum. To have better sensitivity to the distortion one can further

decrease the size of the bin.

According to the Fig. 22 of [13] the statistical error in the relevant energy range is about

3% which is substantially smaller than the size of the dip. Continued operation of IceCube

in future will reduce this error further. Large errors are due to systematics: mostly due to

uncertainties in the total normalization and tilt of the spectrum. To a large extent they can

be eliminated when searching for the dip. Indeed, the systematics has smooth dependence

on energy, the systematic errors in different bins are strongly correlate. One can parametrize

these uncertainties by a few parameters and determine them by fitting data.

The problem of smearing does not exist in the case of the zenith angle distribution,

since muons nearly follow neutrinos, and the zenith angle resolution is 0.5−1◦. We compute

the number of events Nj in a given zenith angle bin ∆j cos θz using (22) and performing

integration from the threshold Eth:

Nj = 2π
�

∆j cos θz
d cos θz

�

Eth

dE Φ0
ν(E, θz)Aeff(E, θz)Pµµ(E, θz) + antineutrinos. (23)

We then define the suppression factors in the individual bins as

Sj =
Nj

N0
j

, (24)

where N0
j are the numbers of events without oscillations which correspond to Pµµ = 1

in (23). In Figs. 6 and 7 we show the zenith angle dependence of the suppression factor

for different values of the mixing parameter sin
2 α and sin

2 θ23 = 1/2 (this corresponds

to |Uµ0|2 = 0.5 sin2 α) and two different thresholds Eth = 100 GeV (Fig. 6) and Eth = 1

9
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TeV (Fig. 7). Oscillations lead to distortion of the zenith angle distribution. For nearly

horizontal direction the effect is mainly due to vacuum oscillations which have enough

baseline to develope if E <∼ 0.5 TeV. In this case the averaged oscillation effect is given

by 1 − 2|Uµ0|2(1 − |Uµ0|2) ≈ 1 − sin
2 α in agreement with the results of Figs. 6 and 7.

The matter effect increases with | cos θz|. According to these figures substantial differences
between the energy-integrated distribution with and without sterile mixing are expected

in the bins near the vertical direction. For sin
2 α = 0.04 the effect is about 20% and the

statistical errors, 3%, are much smaller. For other mixing schemes the distortion can be

different. In particular, in the νs−flavor mixing scheme maximal suppression is in the bins

cos θz = (−0.9,−0.8) (see Sec. 5).

For vertical directions the evaluation of the suppression (integrated over the energy)

can be done using the survival probabilities of Figs. 1 and 2. If e.g. sin
2 α = 0.08, the

probabilities averaged over the median energy interval in the neutrino and antineutrino

channels are Pµµ = 0.6 and P̄µµ = 0.8 respectively. Then averaging the contributions of the

neutrinos and antineutrinos we obtain S ∼ �P � = 0.70 − 0.75, in agreement with results

in Figs. 6 and 7. With increase of threshold, the effect of vacuum oscillations in nearly

horizontal directions becomes smaller. The effect in the ν̄ channel increases, whereas in the

ν channel it decreases, thus compensating the overall change.

In Fig. 8 we confront the experimental results with the predicted zenith angle distribu-

tions computed as

Nj = NMC
j Sj,

where NMC
j is taken according to the IceCube simulation (see Fig. 19 from [13]). We have

implemented an overall normalization and tilt of the distribution, as we discuss below in

(25).

4 Bounds on parameters of sterile neutrinos

To get an idea of the sensitivity of the currently available IceCube data to the sterile neutrino

mixing we have performed a χ2 fit of the IceCube zenith angle distribution. For a given

“model” of mixing characterized by (∆m2
03, sin

2 α) we compute the expected number of

muon events Nmod
j in the zenith angle bin j. For this we use the IceCube simulation, NMC

j

[13]:

Nmod
j (C, τ ;∆m2

03, sinα) = C[1 + τ(cos θj + 0.5)]NMC
j Sj(∆m2

03, sin
2 α) , (25)

where C is an overall normalization parameter and τ is a zenith angle tilt parameter. The

model without νs mixing is recovered when α = 0. We compare the expected numbers Nmod
j

with data Ndat
j and the χ2 is defined as

χ2
(C, τ ;∆m2

03, sinα) =
�

j

�
Ndat

j −Nmod
j (C, τ ;∆m2

03, sinα)
�2

�
σdat
j

�2 . (26)
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Figure 8: The zenith angle distribution of muons from νµ interactions integrated over the
energy with and without oscillations (solid black histograms) to sterile neutrinos. We have
renormalized the event distribution according to the best-fit normalization and tilt param-
eters from the χ2 fit (Table 1). Also shown are the IceCube results.
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|Uμ4|2 > 0.025 is ruled out at 3σ
|Uμ4|2 ≅ 0.03 is the global best-fit from the 3+2 fit
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Future Prospects at IC
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FIG. 3. χ2 as a function of the tilt parameter b from a fit to
the 9 zenith-angle bins of Fig. 2 with cos θz < −0.1.

our χ2 analysis. For our analyses we define

χ2 =
(1− a)2

σ2
a

+
�

i

(Sth
i − Sexp

i )2

Sexp
i

, (2)

where σa = 0.25 is the percent uncertainty in the atmo-
spheric flux normalization [11] and Sexp denotes either
real or simulated data. In what follows, we always fit a,
and either set b = 0 or marginalize over b without penalty.
The lower panel of Fig. 2 shows the spectral distortion of
the IC data and the sterile neutrino scenarios relative to
3ν oscillations. In the latter case, a = 1 , b = 0, while the
best-fit value of a is used for the sterile cases with b = 0.

The results of fitting the 9 non-horizontal (cos θz <
−0.1) bins are shown in Fig. 3 and Table II. The 3ν sce-
nario gives a better fit provided the data are plagued by a
large systematic tilt. If |b| is restricted to be smaller than
0.11, the 3ν fit yields a χ2 of 15.8, which is comparable
to the values (∼ 15–16) of the sterile neutrino cases.

A natural question is if there are correlated signals
in cascade events at IC. Interestingly, above 332 GeV,
we find a comparable total number of νe plus ντ
events/km3/year in the 3ν (∼ 890) and sterile neutrino
(∼ 850) cases. The corresponding number of induced
cascade events can be obtained by folding with the IC
efficiency which is not available to us.

That future IC data with systematics under control
have the ability to reveal a deviation due to sterile neu-
trinos is evident from Fig. 4. The monotonically rising
event ratio as a function of cos θz in the up-going event
sample is a striking signature of sterile neutrino oscil-
lations. On the other hand, strong exclusions can also
be obtained. Assuming a sample of 6.5 × 104 up-going
events with no deviation from the 3ν result, and fitting
to all 10 angular bins with only a varied yields χ2 = 111,
386 and 331 for the 3 + 2, 1 + 3 + 1(a) and (b) cases,
respectively, compared to a χ2 ∼ 10 for 3ν oscillations.
An interesting aspect of the contained event sample is
that in all cases the zenith-angle distribution is almost

no tilt (b = 0) tilted

χ2 χ2 b

3ν 35.2 13.0 0.17

3 + 2 18.5 15.2 0.066

1 + 3 + 1(a) 18.1 15.6 -0.058

1 + 3 + 1(b) 16.4 16.0 -0.024

TABLE II. Best-fit χ2 and b from the curves in Fig. 3. With-
out a systematic tilt in the angular distribution, sterile neu-
trino scenarios are clearly favored over the 3ν case. If a large
systematic tilt is permissible, the sterile cases are mildly dis-
favored. For |b| < 0.11, all scenarios give a comparable fit.
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FIG. 4. Similar to the lower panel of Fig. 2, but with
1.3× 105 events above 332 GeV equipartitioned into purely
up-going events (left panel) and purely contained events (right
panel). The shaded band represents the 2σ statistical uncer-
tainty on the 3ν expectation. Sterile neutrino scenarios will be
easily distinguishable from 3ν oscillations from the up-going
event sample.

flat for −0.8 < cos θz < −0.2 so that the features in the
near-vertical and near-horizon bins are insensitive to a
systematic tilt. With 6.5× 104 contained events, we find
χ2 = 28, 165 and 87 for the 3+2 and 1+3+1(a) and (b)
cases, respectively. With such sensitivity IC will easily
confirm or exclude sterile neutrino scenarios.
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Sterile Neutrinos in 
Deep Core

2

According to Eq. (1) the first oscillation minimum

(dip) is at energy

E0
min =

1

π
∆m2

32R⊕ cos θz. (2)

For neutrinos moving along the Earth’s diameter, θz = π,
we obtain E0

min ≈ 25.7 GeV.

If α �= 0, the oscillation probability changes substan-

tially due to matter effect. For E > 15 GeV to a good

approximation the effect is described by oscillations in

uniform medium with the average density along the neu-

trino trajectory. In turn, for constant density and for

energies below 0.5 TeV the probability is given by [5]

Pµµ = 1− cos
2 α sin

2
2θ23

× sin
2

��
∆m2

32

2E
± |Vµ(θz)| sin2 α

�
R⊕ cos θz

�

−0.5 sin2 2α sin
4 θ23 − 0.5 sin2 α sin

2
2θ23, (3)

after averaging over fast oscillations driven by the mass

squared difference ∆m2
43 ∼ 1 eV

2
. Here Vµ(θz) is the

average matter potential: Vµ(θz) = −GFnn(θz)/
√
2, and

nn(θz) is the average number density of neutrons along

the θz trajectory. The lower “−” (the upper “+”) sign

in front of |Vµ| in Eq. (3) corresponds to antineutrinos

(neutrinos). Thus, in the first approximation the νs ef-

fect is reduced to appearance of an additional contri-

bution to the oscillation phase. This contribution has

different signs in the ν− and ν̄−channels as well as for

normal (NH) and inverted (IH) mass hierarchies of the

active neutrinos (i.e. for the positive and negative signs

of ∆m2
32).

According to Eq. (3) the energy of the first oscillation

dip changes due to νs mixing as

Emin ≈ |∆m2
32|

π
R⊕ cos θz

∓ 2|Vµ(cos θz)| sin2 α

=
E0

min

1∓ 2
π |Vµ(cos θz)|R⊕ sin

2 α cos θz
, (4)

where the lower sign in denominator corresponds to an-

tineutrinos for the normal mass hierarchy and to neutri-

nos for the inverted mass hierarchy. For sin
2 α = 0.04,

fixed ∆m2
32, NH and cos θz = −1 (an average density

∼ 8.4 g cm
−3

) the oscillation dips are at 29.0 GeV and

22.4 GeV for neutrinos and antineutrinos, respectively.

This νs induced shift of the νµ − νµ oscillation dip can

be used to constrain the mixing angle α.
We computed the oscillation probabilities as functions

of neutrino energy and zenith angle by numerically solv-

ing the 3ν−evolution equation [5] with the density pro-

file given by the Preliminary Reference Earth Model [18].

The features of the obtained results can be easily under-

stood with Eqs. (1) to (4).

Figure 1 shows the νµ → νµ (top panel) and νµ → ντ
(bottom panel) oscillation probabilities as functions of

neutrino energy for different ∆m2
43 but fixed zenith angle
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FIG. 1: Oscillation probabilities νµ → νµ (top panel) and

νµ → ντ (bottom panel) for different values of ∆m2
43. The

solid (broken) lines correspond to the probabilities without

(with) νs mixing. The normal mass hierarchy is assumed.
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FIG. 2: The survival probabilities of νµ (top panel) and ν̄µ
(bottom panel) for different values of the zenith angle. The

solid (broken) lines correspond to the probabilities without

(with) νs mixing. The normal mass hierarchy is assumed.

θz = π. The energies of the oscillation dips are in good

agreement with the approximate values from Eqs. (2) and

(4). According to Fig. 1 the energy of resonant oscil-

lation dip in the ν̄−channel is proportional to ∆m2
43. In

contrast, at energies <∼ 100 GeV the probabilities depend

on ∆m2
43 very weakly, which can be seen explicitly in Eq.

(3). From the bottom panels, we find that at low ener-

gies νµ mainly transforms to ντ , whereas at high energies

νµ → νs transition is significant.
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FIG. 4: The νCC
µ event rates in different energy and

zenith angle bins at IceCube DeepCore. The histograms
with thick lines correspond to events with νs−mixing while
the histograms with thin lines correspond to events without
νs−mixing. Left panel: normal mass hierarchy, right panel:
inverted mass hierarchy.

be seen from Fig. 5 for NH the νs mixing mostly af-

fects the vertically upcoming events in the lowest, 15–30

GeV, energy bin. The excess of events in this bin is due

to enhanced ν̄µ−survival probability P̄µµ near the oscil-

lation minimum at ∼ 30 GeV (see Figs. 1 and 2). For

IH (Fig. 6) the next bin (−0.8 ÷ −0.6) rate is equally

affected. The distributions depend on ∆m2
32 weakly.

In the bottom panels of Figures 5 and 6 we show pos-

sible modification of the ratio due to inprecise knowledge

of ∆m2
32. This is illustrated by the ratio of the two distri-

butions without νs for two different values of ∆m2
32: the

“true” (observed) value and the “fit” value. Variations of

∆m2
32 produce shift of the dip and therefore qualitatively

similar distortion of the ratio. Quantitatively the effects
are different: the effect of∆m2

32 variations is smaller than

the one of νs at high energies. For IH and | cos θz| > 0.4
the two effects have opposite signs, etc.. In analysis of

data one should use ∆m2
32 as fit parameter varying in the

range allowed by accelerator experiment measurements.

In future ∆m2
32 will be determined with accuracy 10

−4

eV
2
which will substantially reduce the uncertainty.

IV. ESTIMATION OF SENSITIVITY TO

MIXING

To estimate sensitivity of the DeepCore to sterile neu-

trinos we perform a simple χ2
analysis of the data gen-

erated in assumption of zero νs mixing. We assume that

∆m2
32 is known precisely. We fit these “data”with num-

ber of events obtained in the presence of νs−mixing. To
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FIG. 5: The suppression factor of νCC
µ −events as function of

the zenith angle for different energy intervals and two values
of ∆m2

32 (top and middle panels). The bottom panel shows
the ratio of event rates for two different ∆m2

32 without sterile
neutrinos. The normal mass hierarchy is assumed.
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FIG. 6: The same as in Fig. 5 for the inverted mass hierarchy.

take into account possible systematic errors, as in Ref. [5],

we introduce an overall normalization factor C and a tilt

parameter τ for the zenith angle distribution of the event

rates in Eq. (5) as

Nmod
i,j (C, τ ; sin2 α) = C[1 + τ(cos θi + 0.5)]Ni,j(sin

2 α).
(6)

We use ∆m2
43 = 1 eV

2
. Defining the “null” distribu-

tion of zenith angle events without νs−mixing as Nnull
i,j ≡

Thick: with sterile
Thin: w/o sterile

GGI, Firenze                                                  Sandhya Choubey                                                     June 29, 2012

ok

Tuesday 26 June 2012

Deep Core could probe |Uμ4|2 down to 0.01 or 0.02 
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Conclusions
Many (experimental) reasons to believe 
that sterile neutrinos with 1 eV mass 
scale exist
A large variety of experiments being 
planned to test sterile neutrino osc
Makes sense to look for their 
signatures in currently running 
experiments
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Conclusions
One should see sterile-driven MSW 
conversions of TeV range atmospheric 
neutrinos in IceCube
IceCube could confirm or refute the 3+2 
scheme
One could see oscillation effects of 
sterile nus in the 10-100 GeV range
ICDC could put stringent bounds...
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One should see sterile-driven MSW 
conversions of TeV range atmospheric 
neutrinos in IceCube
IceCube could confirm or refute the 3+2 
scheme
One could see oscillation effects of 
sterile nus in the 10-100 GeV range
ICDC could put stringent bounds...
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