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• short baseline (30 m) neutrino oscillation 
experiment at Los Alamos

• νμ from μ decay at rest at energies from 20-53 MeV

•  νμ from π+ decay with energies from 60-200 MeV

• Prob of conversion of νμ to νe =0.264±0.081%

• Prob of conversion of νμ to νe =0.26±0.11%
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LSND cont.

• An Outlier -doesn’t fit into 3 ν oscillation scheme

• Even with additional sterile ν’s is difficult to reconcile 
with other short baseline   ν oscillation data

Status of global fits to neutrino oscillations 25

Figure 17. The two classes of six four–neutrino mass spectra, (3+1) and (2+2).

�3.3σ away from zero. To explain this signal with neutrino oscillations requires a

mass-squared difference ∆m2
lsnd �1 eV2. Such a value is inconsistent with the mass-

squared differences required by solar/KamLAND and atmospheric/K2K experiments

within the standard three–flavour framework. In this section we consider four–neutrino
schemes, where a sterile neutrino [114, 115, 116] is added to the three active ones to

provide the additional mass scale needed to reconcile the LSND evidence. We include

in our analysis data from the LSND experiment, as well as from short-baseline (SBL)

accelerator [117, 118] and reactor [105, 109, 119] experiments reporting no evidence

for oscillations (see Ref. [120] for details of our SBL data analysis). We update our

previous four–neutrino analyses (see, e.g., Refs. [121, 122]) by including the most recent
solar and KamLAND [15] data, the improved atmospheric neutrino fluxes [32] and latest

data from the K2K long-baseline experiment [17].

5.1. A common parameterization for four–neutrino schemes

Four–neutrino mass schemes are usually divided into the two classes (3+1) and (2+2), as
illustrated in Fig. 17. We note that (3+1) mass spectra include the three–active neutrino

scenario as limiting case. In this case solar and atmospheric neutrino oscillations are

explained by active neutrino oscillations, with mass-squared differences ∆m2
sol and

∆m2
atm, and the fourth neutrino state gets completely decoupled. We will refer to such

limiting scenario as (3+0). In contrast, the (2+2) spectrum is intrinsically different, as

the sterile neutrino must take part in either solar or in atmospheric neutrino oscillations,
or in both.

Neglecting CP violation, neutrino oscillations in four–neutrino schemes are

generally described by 9 parameters: 3 mass-squared differences and 6 mixing angles in

the lepton mixing matrix [20]. We use the parameterization introduced in Ref. [123], in

terms of ∆m2
sol, θsol, ∆m2

atm, θatm, ∆m2
lsnd, θlsnd. These 6 parameters are similar to

the two-neutrino mass-squared differences and mixing angles and are directly related to

the oscillations in solar, atmospheric and the LSND experiments. For the remaining 3

more than 4 v?
gives too much 
Helium:
not good for 
cosmology



Some SBL  ν expts

Channel Experiment Lowest sin2 2θ Best reach in
∆m2 at high ∆m2 sin2 2θ

νµ → νe LSND 0.03 eV2 > 2.5× 10−3 > 1.2× 10−3

KARMEN 0.06 eV2 < 1.7× 10−3 < 1.0× 10−3

NOMAD 0.4 eV2 < 1.4× 10−3 < 1.0× 10−3

νe disappearance Bugey 0.01 eV2 < 1.4× 10−1 < 1.3× 10−2

Chooz 0.0001 eV2 < 1.0× 10−1 < 5× 10−2

νµ disappearance CCFR84 6 eV2 NA < 2× 10−1

CDHS 0.3 eV2 NA < 5.3× 10−1

Table 5: Results used in 3+2 fit. sin2 2θ limit is 90% CL

matrix is also expanded by two rows and two columns.
The data that drive the fits are the “short baseline” experiments that provide

information on high ∆m2 oscillations, summarized in Tab. 5. The combination of
ν̄µ → ν̄e (LSND,146 Karmen II147), νµ → νe (NOMAD152), νµ disappearance (CDHS,153

CCFR84154), and νe disappearance (Bugey,148 CHOOZ25) must all be accommodated
within the model. A constraint for Super K νµ disappearance is also included. None of
the short baseline experiments except for LSND provide evidence for oscillations beyond
3σ. However, it should be noted that CDHS has a 2σ (statistical and systematic,
combined) effect consistent with a high ∆m2 sterile neutrino when the data are fit for
a shape dependence, and Bugey has a 1σ pull at ∆m2 ∼ 1eV2. As a result, these two
experiments define the best fit combination of high and low ∆m2 for the 3+2 model.
However, there are acceptable solutions with a combination of low ∆m2 values. The
best fit,151 has ∆m2

14 = 0.92 eV2, ∆m2
15=22 eV2, although there are combinations

which work with two relatively low ∆m2 values. A wide range of mixing angles can
be accommodated, and the best fit has Ue4 = 0.121, Uµ4 = 0.204, Ue5 = 0.036 and
Uµ4 = 0.224. The other mixing angles involving the sterile states are not probed by
the νµ disappearance, νe disappearance and νµ → νe appearance experiments listed
above. There is 30% compatibility for all other experiments and LSND.

Introducing extra neutrinos, including sterile ones, would have cosmological impli-
cations, compounded if the extra neutrinos have significant mass (>1 eV). However,
there are several ways around the problem. The first is to note that while the best
fit requires a high mass sterile neutrino, there are low-mass fits which work within the
3+2 model. The second is to observe that there are a variety of classes of theories
where the neutrinos do not thermalize in the early universe.122 In this case, there is
no conflict with the cosmological data, since the cosmological neutrino abundance is
substantially reduced.

If more than one ∆m2 contributes to an oscillation appearance signal, then the data
can be sensitive to a CP-violating phase in the mixing matrix. Experimentally, for this
to occur, the ∆m2 values must be within less than about two orders of magnitude of
one another.
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Figure 5. Left : Status of the 3+1 oscillation scenarios. Right : Present status of the
bounds on the active-sterile admixture from solar and atmospheric neutrino data in
(2+2)-models.

a constraint on the possible value of the heavier neutrino mass in this sce-
nario from their contribution to the energy density in the Universe which is
presently constrained by cosmic microwave background radiation and large
scale structure formation data [14].

We show in Fig. 5 the latest results of the analysis of neutrino data
in these scenarios. In the left and central panel we summarize the results
from Ref. [13] on the (3+1) scenarios; we see that after the inclusion of
the cosmological bound there is only a marginal overlap at 95% CL be-
tween the allowed LSND region and the excluded region from SBL+ATM
experiments. The right panel illustrates the status of the (2+2) scenarios.
At present, the lower bound on the sterile component from the analysis of
atmospheric data and the upper bound from the analysis of solar data do
not overlap at more than 4 . The figure also illustrates the effect of the
inclusion of the SNOII in this conclusion.

Alternative explanations to the LSND result include the possibility of
CPT violation [15], which implies that the masses and mixing angles of neu-
trinos may be different from those of antineutrinos. We have performed an
analysis of the existing data from solar, atmospheric, long baseline, reactor
and short baseline data in the framework of CPT violating oscillations [2].
The summary of the results of this analysis is presented in Fig. 6, which
shows clearly that there is no overlap below the 3 level between the LSND
and the all-but-LSND allowed regions. We also note that that the all-but-
LSND region is restricted to ∆m 2

31 = ∆m 2
LSND

 0 02 eV2, whereas for
LSND we always have ∆m 2

31 = ∆m 2
LSND

 0 02 eV2.
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Figure 20. Upper bound on sin2 2θlsnd from NEV, atmospheric and K2K neutrino
data in (3+1) schemes. The bound is calculated for each ∆m2

lsnd using the ∆χ2 for
1 d.o.f. The dotted line corresponds to the bound at 99% C.L. without K2K and using
one–dimensional atmospheric fluxes. Also shown are the regions allowed at 99% C.L.
(2 d.o.f.) from global LSND data [113] and decay-at-rest (DAR) LSND data [128].

against a sterile component, since the detailed informations which are needed to use

these data are presently not available outside the Super-K collaboration.

5.3. (3+1): strongly disfavoured by SBL data

It is known for a long time [120, 129, 130, 131, 132, 133, 134] that (3+1) mass schemes

are disfavoured by the comparison of SBL disappearance data [118, 119] with the LSND

result. The reason is that in (3+1) schemes the relation sin2 2θlsnd = 4 de dµ holds,

and the parameters de and dµ (see Eq. (19)) are strongly constrained by νe and νµ

disappearance experiments, leading to a double suppression of the LSND amplitude. In

Ref. [132] it was realized that the up-down asymmetry observed in atmospheric µ events

leads to an additional constraint on dµ. The ∆χ2(dµ) from the fit to atmospheric+K2K

data is shown in the right panel of Fig. 19. We find that the use of the new atmospheric

fluxes [32] as well as K2K data [17] considerably strengthen the constraint on dµ: the

new bound dµ ≤ 0.065 at 99% C.L. decreases roughly a factor 2 with respect to the

previous bound dµ ≤ 0.13 [36, 127], as implied by fitting atmospheric data with one–
dimensional fluxes [39] and without K2K. Following Ref. [127] we show in Fig. 20 the

upper bound on the LSND oscillation amplitude sin2 2θlsnd from the combined analysis

of NEV and atmospheric neutrino data. This figure illustrates that the improvement

implied by the stronger bound on dµ is mostly relevant for lower values of ∆m2
lsnd. From

this figure we see that the bound is incompatible with the signal observed in LSND at the

95% C.L. Only marginal overlap regions exist between the bound and global LSND data



MiniBooNE

• E from 200 to 3000 MeV,  average 750 MeV

• L ~ 541 m

• similar L/E to LSND, but higher E, L

• first data with νμ’s does not confirm conventional  ν 
oscillation interpretation of LSND

• excess of νe’s below 475 MeV,  96 ±17±20, doesn’t fit 
conventional  ν oscillation interpretation

• currently running with ν’s. 
_



MiniBooNE Oscillation results

5

events) for 475 < EQE
ν < 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

ν < 3000 MeV energy
range yields a χ2 probability of 93% for the null hypoth-
esis, and a probability of 99% for the (sin2 2θ = 10−3,
∆m2 = 4 eV2) best-fit point.
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FIG. 2: The top plot shows the number of candidate νe events
as a function of EQE

ν . 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 νµ and νe events. The bottom plot shows the number of
events with the predicted background subtracted as a func-
tion of EQE

ν , 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

ν < 3000 MeV to find the 90% CL limit
corresponding to ∆χ2 = χ2

limit − χ2
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 χ2 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 different 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, Mγγ, 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 νµ-CCQE data sample with
two subevents were fit simultaneously with the νe-CCQE
candidate sample with one subevent. By forming a χ2

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 νe-CCQE candidate data set were well
constrained by the observed νµ-CCQE data. This pro-
cedure is partially equivalent to doing a νe to νµ 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 different 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-
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FIG. 3: The top plot shows the MiniBooNE 90% CL limit
(thick solid curve) and sensitivity (dashed curve) for events
with 475 < EQE

ν < 3000 MeV within a two neutrino oscilla-
tion model. Also shown is the limit from the boosted decision
tree analysis (thin solid curve) for events with 300 < EQE

ν <
3000 MeV. The bottom plot shows the limits from the KAR-
MEN [2] and Bugey [32] experiments. The MiniBooNE and
Bugey curves are 1-sided upper limits on sin2 2θ correspond-
ing to ∆χ2 = 1.64, while the KARMEN curve is a “unified
approach” 2D contour. The shaded areas show the 90% and
99% CL allowed regions from the LSND experiment.

ware in the analysis of the data.
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Beyond standard 
neutrinos 

• Neutrinos are unique!

• Only SM particle which can mix with 
“dark” (sterile) fermions

• Oscillations sensitive to GUT scale

• Oscillations sensitive to extremely feeble 
new interactions

• Neutrinos have history of surprises
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update

also refutation of muon
internal  
brehmstrahlung 
interpretation



What if LSND is ν physics?

some others considered so far: various combinations of

• more than 3+1 

• CPV

• new  background for νe’s 

• νe disappearance 

• increased background 

• more exotic
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Motivation for our model

➡We focus on essential differences between 
LSND, MiniBooNE experiments, take results 
at face value 

➡Consider  physics which is intrinsically 
different for ν’s versus ν’s 

➡anomalous energy dependence 

➡Note: MiniBooNE, LSND, CDHS   all  have 
oscillation baselines through matter

➡suggests: new physics MSW-like effect 

__



A new light gauge boson?

• Anomaly free candidate is gauged B-L (with 3 sterile 
‘right handed’ neutrinos)

• MSW analog effect  is opposite for ν, ν

• MSW analog effect ~  E ρ g2/MV2

• ρ nonzero and similar for LSND, MiniBooNE

• g must be < ~10-5 to agree with precision expts, eg ge-2

• MV must also be tiny to give big enough effect, < ~keV

• flavor diagonal for active neutrinos⇒no MSW effect?

_



Spontaneous B-L violation 
and Majorana ν masses
• a “mini seesaw” with 

eV mass singlet N’s

• λ, g, λ′〈ϕ〉are small

• nonzero 〈ϕ〉
required for active-
sterile mixing

• may allow for 
compatibility with 
cosmology

M =
(

0 λ〈H〉
λT〈H〉 λ′〈φ〉

)ν N

ν 

N

H ≈ E +
M†M
2E

+V

V =
(
−V I3 0

0 V I3

)



Anomalous matter effect

• m≡ λ〈H〉~0.2 - 0.4 eV, 3 nearly degenerate eigenvalues 

govern large mixing angle LBL oscillations in matter at 
high energy

• V ≡ B-L potential, (negative)positive for (anti)ν’s,        ~  10-8-10 -9 eV

• M≡ λ〈ϕ〉~1-2 eV,  M2 ~ 4VE in MiniBooNE low energy region

M2
e f f =

(
m2 mM

mM 4V E +M2 +m2

)
effective mass2 matrix for neutrino oscillations:



Heavy ν’s mix with Effective Energy 
dependent mixing angle

• ϑ ≈ m M/(4 VE+ M2)

• bigger for anti neutrinos (negative V)

• for neutrinos smaller at high energy 

M2
e f f =

(
m2 mM

mM 4V E +M2 +m2

)



Effects of B-L potential
• eg m=.3 eV, M1 =1 eV,    M2  heavy, V= .3 10-9

Energy (MeV)

 μ -e 
oscillation 
probability

at 30 m
neutrinos

antineutrinos

20 40 60 80 100

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030



Effects of B-L potential

• eg m=.3 eV, M1 =1 eV,    M2  heavy, V= 0.3 10-9

Energy (MeV)

 μ -e 
oscillation 
probability
at 500 m

neutrinos

antineutrinos

200 400 600 800 1000

0.001

0.002

0.003

0.004

0.005



Strategy

• fix mixing angles in m to solar, atmospheric 
values, with Θ13=0,  take M diagonal⇒ only 2 

eigenvalues of M affect oscillations involving 
νe 

• scan V, m, M1, M2  for fit to LSND, 
MiniBooNe, CHOOZ,CDHS

• for points that fit, predict oscillation results 
for MiniBooNE anti neutrinos



Preliminary Prediction for large low energy 
anti neutrino oscillations at MiniBooNE

Here is a histogram for each M2 of the predicitons for MiniBooNE anti - neutrinos (at

low E).  Note that although the total oscillations at MiniBooNE will be lower than

this, there should still be substantial oscillations seen for almost all points.

Table@Histogram@MBantiPrediction@@nDDD, 8n, 1, 10<D
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The minimum anti - neutrino low E oscillation probability at MiniBooNE from the fit

points, for each value of M2.  The smalles value is 3.4 %, which should give rise to

visible oscillations at MiniBooNE.
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Summary
• If taken at face value, LSND anomaly requires dramatic new 

physics 

• A new B-L force?

• gauge boson mass ~ keV

• sterile neutrinos at eV

• miniseesaw for neutrino mass

• nearly degenerate light neutrinos

• no 0νββ decay

• energy dependent, lepton sign dependent matter effect  

• large signal for MiniBooNE antineutrinos


