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NEUTRINOS
• 3 neutrinos associated with leptons

• no color 
• no charge
• interact only weakly (+gravity)
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• Two forms of interaction
• W exchange (CC)
• Z exchange (NC)
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NEUTRINO OSCILLATIONS
• Mass (E) eigenstates≠flavor eigenstates

• Described by unitary transformation
• Neutrinos created in flavor 

eigenstates will mix under time 
evolution (QM)

• “neutrino oscillations”
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Dual Identity (Eigenstates)

• Flavor (Weak Interaction)

!
!
 produces lepton !

• Mass:
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i
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For neutrinos, these two identities are not the same
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“wavelength”“Amplitude”
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NEUTRINOS OSCILLATE

• After many years of hints, we now 
know that neutrinos oscillate (a lot)
• Δm223 ~2.5x10-3 eV2

• Δm212 ~7.6x10-5 eV2
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Neutrinos Oscillate:
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!1
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Current Picture:

Neutrino mass/mixing structure is completely different from quarks

Solar:

• Large mixing between !
e
 and other flavors in 1,2 mass eigenstates

• "m12
2 ~ 8 x 10-4 eV2

Atmospheric:

• (near) maximal !
µ
/!

# 
 mixing in 2,3 eigenstates

• "m23
2 ~ 2.5 x 10-3 eV2

Mass hierarchy and absolute masses undetermined

APS: The Neutrino Matrix

? ?
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Neutrinos have mass and mix
5Friday, December 11, 2009



LSND

• Search for excess of νe in νµ beam

• Signal observed via CC + n capture

Evidence for !µ! !e oscillations

• Stopped "+ beam produces !µ

•  !/n-capture signature

• Excess of  87.9 ±22.4 ±6.0 events

LSND Oscillations:

Neutrino oscillations with 

 • #m2 ~ 0.1-10 eV2 (L/E~ 1 km/GeV)                            

 • sin22! ~ 0.001-0.04 (0.25%) 
New mode not consistent with 
atmospheric/solar: need new physics!
 
Unconfirmed by other experiments

Evidence for !µ! !e oscillations

• Stopped "+ beam produces !µ

•  !/n-capture signature

• Excess of  87.9 ±22.4 ±6.0 events

LSND Oscillations:

Neutrino oscillations with 

 • #m2 ~ 0.1-10 eV2 (L/E~ 1 km/GeV)                            

 • sin22! ~ 0.001-0.04 (0.25%) 
New mode not consistent with 
atmospheric/solar: need new physics!
 
Unconfirmed by other experiments

π+ → µ+ + νµ

µ+ → e+ + ν̄µ + νe

ν̄e + p→ e+ + n
n + p→ d + γ(2.2 MeV)

“Liquid Scintillator Neutrino Detector”

Excess of 87.9±22.4±6.0 νe  
candidates interpreted as neutrino 
oscillations with Δm2~1 eV2
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INTERPRETATION
• 2 Δm2 already measured

• ~2.5 x 10-3 eV2

• ~7.6x10-4eV2

• Impossible to accommodate 
Δm2~1eV2 without another (4th 
or more) neutrino 
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• Z decays probe particles coupling to it 
(i.e. those that participate in weak NC)
• Additional neutrinos affect decay rate
• LEP data: Nν = 2.984 ± 0.008
• Additional neutrino must be “sterile” or 

very heavy 

New physics is necessary to explain LSND excess
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MINIBOONE

• Confirm/refute LSND evidence with a new experiment
• Generate ~1 GeV νµ with FNAL booster (8 GeV primary protons)

• Look for the appearance of νe ~0.5 km later (same L/E as LSND)

• Use “large” Cherenkov detector to identify, reconstruct and classify 
neutrino interactions

• Beam: 8 GeV protons on Be 
Produce ~0.8 GeV !µ beam

540 m baseline

5.58 x 1020 POT for analysis

• Detector: 800 ton sphere of mineral oil
550 cm inner “tank” region (1280 PMT) 

Outer “veto” region (240 PMTs) 

Detect ! interactions via !/Scintillation

Search for !µ"!
e
,  L/E~1 km/GeV

MiniBooNE: !µ"!e search

Not to scale
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NEUTRINO FLUX
• Primary contribution to neutrino flux is 

from pion decay:
•  
• note that this necessarily produces a 

contribution of νe

•  
• Kaons also contribute to the νµ flux via 2- 

and 3-body decays
• This has a higher energy spectrum
• also produces νe flux via 3-body decay

• Beam: 8 GeV protons on Be 
Produce ~0.8 GeV !µ beam

540 m baseline

5.58 x 1020 POT for analysis

• Detector: 800 ton sphere of mineral oil
550 cm inner “tank” region (1280 PMT) 

Outer “veto” region (240 PMTs) 

Detect ! interactions via !/Scintillation

Search for !µ"!
e
,  L/E~1 km/GeV

MiniBooNE: !µ"!e search

Not to scale

π+ → µ+ + νµ

µ+ → e+ + ν̄µ + νe

K → π + e + νe

We must account for irreducible background 
of νe in background estimate
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THE DETECTOR

• 800 tons of mineral oil

• n~1.47 (Č light), scintillates weakly.
• “rich” optical phenomenology

• 1280 PMTs view inner volume
• Outer shell with 240 PMT: veto for 

incoming cosmic rays, outgoing particles
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PARTICLE IDENTIFICATION

• Č profile can provide particle 
identification information
• showering electrons (e-like)
• MIP muons (µ-like)

• π0 events produce second e-like ring 
that can usually be reconstructed
• otherwise, it is background
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SIGNAL AND BACKGROUND
• Signal

• O(103) νe events identified mainly as νe 
CCQE events with 1 e-like ring

Signal: !e CCQE

• ~103 !e oscillation events

• ~106 background !
" events

Signal and Backgrounds:

Reducible:

Single ring muon events

NC !0 (1 or 2 e-like rings)

"!N# decay (1 e-like ring)

(photons shower like electrons)

Irreducible/Intrinsic:

Genuine $e events in beam

from kaon/muon decay

e

e
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C
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pC

C
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e

e

pC
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pC νe + n→ e− + p

• O(106) νµ CCQE events 
which produce 1 µ-like ring

• O(104) NC π0 events 
produce 2 e-like rings

• O(102)  Δ → (n/p)+γ 
produce 1 e-like ring 
(effectively irreducible)

O(103)irreducible background 
from νe in the beam
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RECONSTRUCTION
• The event reconstruction is 

based on a likelihood fit

• For a single track, the 
expected response of each 
PMT is predicted 

• A PDF is formed based on 
seven parameters (x) and a 
particle hypothesis (e.g. e, μ)

!"#$%&%'($)*($+,,-'.*/,012.&/2$,0

! 34*02'5'/,((*/2$,0',6'789:';!<'1$=0"(1'>?@<A
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% ;!<'*66$/$*0/$*1R'1,($-'"0=(*1

• The likelihood functions involve:
• predicted charge response
• predicted time response

• For each PMT in data:
• hit: q,t information
• no hit: q information only

• Likelihood calculated:

• Maximized by varying x

Fq(x) = −
∑

unhit

log P (i unhit;x)−
∑

hit

log(P (i hit;x)fq(qi;x))

Ft(x) = −
∑

hit

log(ft(ti;x))
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OPTIMIZATION:
• Balance:

• Accurate modeling gives better (in principle best) performance
• Practical computational limits (CPU)

• Defining optimal strategy is a case-by-case endeavor
• Factorize charge likelihood into: 

• “predicted charge” at PMT: light production, propagation (from MC)
• various parameterizations to tabulate integrals, etc.

• “charge response”: PDF of PMT response (from data)

• Time likelihood: incorporate assumptions about
• spread of arrival times at PMT due to spread of light emission points
• time response dominated by “first hit” 

Fq(x) = −
∑

unhit

log P (i unhit;x)−
∑

hit

log(P (i hit;x)fq(qi;x)) x→ µ

14Friday, December 11, 2009



PREDICTED CHARGE
• To obtain the predicted charge, we must know how much light is 

expected to arrive on the PMT

• Light sources:  direct/indirect Č light, direct/indirect scintillation
• Contribution from each source is obtained by integrating over 

path and parameterized

ARTICLE IN PRESS

the value of such an integral must be proportional to the source
strength and must otherwise depend only on the topological
variables R and Y. The source strength dependence can be
eliminated by forming a ratio of the indirect and direct light
predictions:

AsciðR; cosYÞ #
dmindirect

sci

dmdirect
sci

ð12Þ

Asci, which we refer to as the scattering table and which we build
via the detector simulation, is a property only of the detector
optics and the ðR; cosYÞ of the track element. With this table, the
indirect light contribution can be immediately incorporated into
the expression for predicted charge:

msci ¼ Fsci

Z 1

%1
dsrsciðsÞOðsÞ TsciðsÞ eðsÞ ½1þ AsciðRðsÞ; cosYðsÞÞ(

ð13Þ

where the dependence of R and Y on s has been made explicit.
For Cherenkov light, the situation is more complex since the

light emission is anisotropic. Two additional variables are needed

to specify the direction of a vector source relative to the PMT
position and the tank center. We make the following non-unique
choice for these two variables, as shown in Fig. 8 (right):

) y: The angle between (1) the source direction vector and (2)
the source-to-PMT ray (the same y as defined elsewhere).

) f: The angle between (1) the plane containing the tank center,
the PMT, and the source, and (2) the plane containing the track
and the tank center.

The intensity of the indirect Cherenkov light is normalized with
respect to a fictitious isotropic Cherenkov source with predicted
charge dmdirect;iso

Ch , so that

AChðR; cosY; cosy;fÞ #
dmindirect

Ch

dmdirect;iso
Ch

: ð14Þ

The total Cherenkov contribution to the mean predicted charge
including both direct and indirect components is

mCh ¼ mdirect
Ch þ mindirect

Ch ð15Þ
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Fig. 7. Top: Cherenkov emission profile for 300MeV electrons as a function of s, the distance along the track. Bottom: two-dimensional emission profile showing the
angular distribution of Cherenkov light as a function of s for a 300MeV electron.

Fig. 8. Geometry of indirect light from an isotropic (left) and directional (right) source of light.
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We introduce y, the angle to the PMT from the track, as shown
in Fig. 3 (right), and express the predicted charge mCh due to
Cherenkov radiation as

mCh ¼ FCh

Z 1

"1
dsrChðsÞOðsÞ TChðsÞ eðsÞ gðcosyðsÞ; sÞ: ð9Þ

This expression differs from its scintillation counterpart by the
presence of an angular emission profile gðcosyðsÞ; sÞ. Note that g
depends on s in two distinct ways: the angular profile of the light
changes as the track propagates and loses energy, and the angle y
to the PMT changes depending on which part of the track we are
considering.

Figs. 6 and 7 show rChðsÞ and gðcosy; sÞ for simulated 300MeV
muons and electrons. As the muon propagates, loses energy, and
approaches the Cherenkov threshold, the rate of Cherenkov
radiation per unit track length decreases and the Cherenkov
angle becomes smaller. The scattering of the muon, which causes
deviations of the track from its original direction, has been
included in the Monte Carlo simulation and results in the spread
of the angular distribution about the nominal cosyC . For electrons,
rChðsÞ follows the shower profile, like rsciðsÞ. The presence of the

shower particles is readily apparent in the gðcosy; sÞ distribution,
which becomes substantially wider as the ‘‘track’’ propagates.

In writing Eq. (9), a few simplifications are made. A more
rigorous treatment would involve d2Pðcosy;fÞ=dcosydf, the
differential probability of sending an emitted Cherenkov photon
in the direction ðcosy;fÞ, which would be integrated over the solid
angle subtended by the PMT. By assuming that d2Pðcosy;fÞ=
dcosydf is constant over the PMT face, the integration can be
effected by simply multiplying the differential probability by
the solid angle O. Also, the azimuthal symmetry of the emission
reduces the two-dimensional PDF to a one-dimensional expres-
sion, namely gðcosyÞ. We take gðcosyÞ to satisfy
Z 1

"1
dcosy gðcosy; sÞ ¼ 1 ð10Þ

for all values of s, with the result that a factor of ð4pÞ"1 is absorbed
into the definition FCh.

4.3. Indirect light (scattering, fluorescence, reflections)

The above formalism determines the predicted charge for
light arriving at the PMTs directly from the track without
any redirection. However, the detector has sources of indirect
light from scattering, fluorescence, and reflection as discussed in
Section 3.

The geometry for indirect light given scintillation (isotropic)
emission is shown in Fig. 8 (left), where an infinitesimal element
ds along the track is situated at radius R from the center of the
detector and at angle Y relative to the position of the PMT. The
direct light from this track element is simply the integrand of
Eq. (8)

dmdirect
sci ¼ dsFsci rsciðsÞOðsÞ TsciðsÞ eðsÞ: ð11Þ

An analytic expression for the indirect light would involve an
elaborate integral over emission angles and scattering points
throughout the tank. Rather than attempt this, we observe that
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CHARGE RESPONSE
• Charge response of PMT vs μ  (predicted 

charge) is measured by laser data (fq(μ))
• Pulses of 397 nm light flashed ~isotropically 

through detector with varying intensity
• q measured by occupancy of PMT hits.

laser flask
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!#$-+&''$*+&','

! ./++(0$1/23$%4056$
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4.2. Calculating the predicted charge m

We begin our description of the predicted charge calculation
with a simple scenario involving a fictitious point source of
isotropic direct light. This is then generalized to a line source of
isotropic light, appropriate for the scintillation production of a
track. We then consider a line source in which the emission has a
non-trivial (but azimuthally symmetric) angular distribution,
representative of Cherenkov radiation. Finally, we account for
the contribution of indirect light (i.e., scattering, reflections, etc.)
from both the scintillation and the Cherenkov emission. In order
to simplify notation and without loss of generality, the discussion
involves fixed but arbitrary PMT location and track parameters x.

One needs only two parameters to describe the geometric
relationship between an isotropic point source and a PMT. We
choose (1) the distance r between the source and the PMT and (2)
the angle of incidence Z at the PMT, with Z ¼ 0 corresponding to
incidence parallel to the PMT axis. The predicted charge on the
PMT can be written

mpoint;sci ¼ FsciOðrÞ TsciðrÞ eðZÞ ð7Þ

where Fsci is an event-energy-dependent scintillation light yield
(i.e., Fsci ¼ FsciðE0Þ), OðrÞ is an r-dependent solid angle factor,
TsciðrÞ is the transmission of the oil and PMT glass as a function of
light propagation distance, and eðZÞ is the acceptance of the PMT
as a function of the angle of incidence. The transmission depends
on the wavelength spectrum of the light source and, thus, is
specific in this case to scintillation. The wavelength-dependent
PMT photocathode efficiency is also included in TðrÞ. The solid
angle factor and PMT angular acceptance are purely geometric,
independent of the particulars of the light production.

To generalize to an extended source of scintillation light,
as depicted in Fig. 3 (left), the latter three factors in Eq. (7) become
functions of s, the distance along the track from its origin.
We must also include an emission profile rsciðsÞ describing
the distribution of scintillation production along the track. This
profile satisfies

R1
$1 rðsÞ ds ¼ 1. The predicted charge can now be

obtained by integrating along the track’s axis:

msci ¼ Fsci

Z 1

$1
dsrsciðsÞOðsÞTsciðsÞ eðsÞ: ð8Þ

The dependences of O, Tsci, and e on r and Z have been recast as
dependences on s, as the relationship s/ðr;ZÞ is fixed for given
track parameters and PMT location. Figs. 4 and 5 show rsciðsÞ for
300MeV muons and electrons, obtained via Monte Carlo
simulation. The distribution is relatively flat for muons until the
end of the track, where the ionization rate per unit track length
becomes larger. (Saturation effects are taken into account in the
simulation.) For electrons, the distribution reflects the showering
behavior of the track, with rsciðsÞ rising and falling with the
number of shower particles.

We now consider an extended track emitting light with a non-
trivial angular distribution, as is the case for Cherenkov radiation.
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CORRECTED TIME
• Express arrival time of light at the PMT in  “corrected time”:

• Approximation: corrected time spread is dominated by;
• Extent of track (light emitted from different places)
• prompt vs. delayed light (scintillation, scattering, fluorescence)

tc = t− t0 − r
∆smid

cn
− ∆smid(E0)

ctime at starting
 point of track

time of light from 
midpoint to PMT

time of track from 
start to midpoint

time at 
PMT

ARTICLE IN PRESS

the dependence on the track parameters can be eliminated by
using the ‘‘corrected time’’ tc:

tc ¼ t " t0 "
rðDsmidðE0ÞÞ

cn
"
DsmidðE0Þ

c
: ð25Þ

The expression removes from t three terms, namely the starting
time of the track t0, the expected time for light to propagate from
the track midpoint to the PMT (with the speed of light in mineral
oil given by cn), and the time for the particle to propagate from its
starting point to the midpoint. The dependence of Dsmid on the
track energy E0 is made explicit. Defining tc with respect to the
track midpoint (as opposed to, say, the start of the track) improves
the validity of the simplifications we make below.

Given the t/tc substitution, we seek the PDF ftc ðtci ;xÞ for the
corrected time given arbitrary PMT-track configurations. The
space of configurations is five dimensional. However, producing
tables of ftc ðtcÞ as a function of five parameters is impractical. To
reduce the task, we make the assumption that the corrected time
PDF depends only on the track energy, the predicted ‘‘prompt’’
charge, and the predicted ‘‘late’’ charge, where ‘‘prompt’’ corre-
sponds roughly to light arriving at the PMT directly from the track
without delays induced by emission lifetimes, scattering, etc.
Loosely, the assumption is that the shape of the corrected time
spectrum is dominated by the physical extent of the track
(characterized by its energy), and by the amount of prompt and
late light reaching the PMT. The extent of the track affects the
spread of possible hit times, since there is a spread of photon
production times, while the amounts of prompt and late light
affect the proportion of peaked ‘‘prompt’’ response to the tail of
‘‘late’’ response.

This assumption reduces the configuration to three dimen-
sions. We make one further simplification by assuming that for a
given energy E0, ftc ðtcÞ can be modeled by separate primitive
prompt and late distributions, indexed by mprompt and mlate,
respectively, from which we can construct the full PDF. As a
result, the PDF is indexed not by the fundamentally two-
dimensional space of ðmprompt;mlateÞ, but by mprompt and mlate

separately, with the full PDF calculated on-the-fly as described
below. In practice, Cherenkov and scintillation primitive distribu-
tions are created and used as proxies for the desired prompt and
late distributions, respectively.

The Cherenkov (prompt) primitive distributions are created by
simulating particles throughout the detector with isotropically
chosen directions and fixed energy E0. The particles are created
with direct Cherenkov light only; all other sources of light
(scintillation, scattering, etc.) are turned off. For each event, the
true track parameters are used to evaluate the direct Cherenkov
predicted charge mdirect

Ch for each hit. Histograms of the corrected
time tc of the hits are produced for various ranges of predicted
charge. Fig. 10 shows three such tc distributions for 300MeV
muons. Since only direct Cherenkov light is present, the
histograms show no late-time features. The shapes of the time
spectra depend on the mdirect

Ch values involved, with the distri-
butions becoming narrower and earlier with increasing predicted
charge due to the increasing probability that an early photon will
be recorded at the PMT. The tc distribution in each predicted
charge range is fit to a Gaussian distribution, and the resulting
Gaussian parameters (mean and width) are subsequently
parametrized across mdirect

Ch using a sixth-order polynomial in
logðmdirect

Ch Þ. Fig. 11 shows an example of these ‘‘second-level’’ fits
for 300MeV muons. The procedure is repeated at many values of
E0, with the two second-level fits providing seven parameters for
the Gaussian mean and seven parameters for the Gaussian width
at each energy. The energy dependences of these 14 parameters
are then fit as a function of E0 to fourth-order polynomials in a
third-level parametrization, as shown in Fig. 12 for the first seven

of the second-level parameters. In addition to conveniently
summarizing the dependence of the time response on mdirect

Ch and
E0, the parametrizations provide a smooth likelihood surface, as
required by the minimization algorithm.

This completes the prompt primitive distributions GChðtc; E0;
mdirect
Ch Þ. They are calculated for a given predicted charge mdirect

Ch at a
PMT for a track with energy E0 by evaluating the 14 third-level
curves which parametrize the E0 dependence of the second-level
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E0 = 250 MeV, muons, old tubes, scintillation light
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TIME LIKELIHOOD
• time likelihood is modeled as a function of

• amount of prompt light (gaussian)
• amount of late light (scintillation, scattering, reflection, etc.)

• gaussian convoluted with exponentials
• energy (spread of track, hence spread of light production)

• PMT timing reflects first hit to trigger the PMT
• Assume that prompt PDF is representative of response if there is 

prompt light regardless of amount of late light.
• weight prompt and delayed PDFs accordingly based on predicted 

amount of prompt and delayed light.
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ON NEUTRINO EVENTS

• ν
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E ∼ dE

dx
× Lνµ

michel 
electron

μ track

• Two ways of measuring energy for Michel-
tagged events
• track length of muon (μ, e vertex)
• reconstruction (E is free parameter)
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e/µ IDENTIFICATION

• Fit event once with e hypothesis, 
once with μ hypothesis

• Compare likelihoods via ratio
• “Did track fit better as e or μ?”
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π0 FITTER:
• Introduce a second ring to the 

hypothesis with geometric 
constraints (12 parameters):
• Common vertex from which two 

photons are emitted (4)
• Conversion distance (2)
• Energy, direction of photons (2x3)

• Our likelihood formalism generalizes 
(somewhat) straightforwardly
• Add the predicted charge from each 

track and obtain a new charge PDF
• Time is a bit more complicated . . 

• basic assumption: PDF is 
dominated by first photon to 
arrive

• Seeding the algorithm (choice of 
starting parameters is tricky
• Many  local minima in 12D space
• Easy for MINUIT to get trapped
• Need to use some “physics”
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TRAPS
• If parameters are far from the true 

configuration, it can be difficult for the 
minimization to find the true solution

• Opening Angle: (left)
• Rings are actually well separated but the fitter 

is exploring small opening angle parameters
• The true solution is “disconnected” from the 

current parameters

• Conversion distance:
• If a photon converts far from the wall it 

appears “big”, if it is close, it is “small”
• If the conversion distance is far from actuality, 

it could be difficult for algorithm to converge 
to true solution

SLARGE

SSMALL

solution: seed algorithm several times with 
configurations which are discretely different
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SEEDING
• Explore several starting configurations to try to cover all cases
• Select starting vertex by using 1-ring e fit

•  shift back to account for conversion by 50/250 cm (2 cases)
• Perturb the direction slightly (1+8 cases)

•  Explore a 24x12 or 50x25 grid of second photon directions
• Set starting energy to make Mγγ = mπ0 

• Select starting parameters with:
• Best, 2nd best total likelihood
• Best, 2nd best charge likelihood  with “symmetric” E1,E2

• Best 2nd best charge likelihood with “asymmetric” E1, E2

• Forward these to MINUIT for fit and report best result
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PERFORMANCE

• No artificial peak in νe 
events from seeding 
(assumes π0 mass)

• Mass peak visible even at 
1 GeV/c momentum
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MEASURING π0 RATE:
• In addition to e/π separation, 

the algorithms are used to 
identify π0 events

• Measure the momentum 
distribution and correct 
background prediction

• Model dependence (cross 
section uncertainties) pushed 
to higher order.
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νμ CC π RECONSTRUCTION

• The methodology has been extended towards:
• νμ CC π+: 

• μ+ π+  final state =  2 μ like rings, no conversion distance)
• νμ CC π0: μ+γ+γ final state =  μ ring, 2 e rings with conversion distance

• Seeding the algorithm is always tricky . . . . but solutions have been found!

Effective Delta Mass (MeV)
1100 1200 1300 1400 1500 1600 1700

)-1
 (M

eV
)

,N!
(m"

 n"

0

50

100

150

200

250

300

Error Bands

Data

Monte Carlo

Total Uncertainty

Relatively normalized

| (MeV/c)
!

p|

0 200 400 600 800 1000 1200

e
v
e
n

ts
 /
 p

.o
.t

. 
/ 
5
0
 M

e
V

/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

2.4

-18
10!

Absolute norm

data (stat errors)

total MC

 (62%)0!nuclear 

 (29%)0!tank 

 ( 9%)0!no 

Pion kinematics
The !! invariant mass shows a clear 

peak at the expected !0 mass.

Non-!0 backgrounds bulk at low 

mass and small angles.

MC predicts a harder momentum 

distribution.  

Also seen in 

the NC sample.

Muon ID rate

is over 80% 

about the 

!
0 mass peak.

)
2

 (MeV/c!!m

0 50 100 150 200 250 300 350

2
e
v
e
n

ts
 /
 p

.o
.t

. 
/ 
1
0
 M

e
V

/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

-18
10!

Absolute norm

data (stat errors)

total MC

 (62%)0"nuclear 

 (29%)0"tank 

 ( 9%)0"no 

!"#cos

-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

e
v
e
n

ts
 /
 p

.o
.t

. 
/ 
0
.0

4

0

0.2

0.4

0.6

0.8

1

1.2

-18
10!

Absolute norm

data (stat errors)

total MC

 (62%)0"nuclear 

 (29%)0"tank 

 ( 9%)0"no 

preliminary

νμ CC π+: 

νμ CC π0: 

26Friday, December 11, 2009



e/π LIKELIHOOD RATIO
• Related but additional information can be obtained 

by requiring Mγγ= mπ0

• Mγγ (E2) is no longer a free parameter
• Refit the event with this constraint

• We can use the likelihood ratio between electron 
and π0 (with fixed mass) to distinguish events
• Is fit better with 1 e-ring or 2 e-rings with Mγγ= mπ0

• Note: without this, the event will always fit better 
with 2 e-rings.
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In previous case, Mγγ= mπ0  was used to 
make initial guesses to seed fit. 

Now,  this constraint is used throughout 
the fit process to calculate L(e/π)
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OVERALL SELECTION
• No decay electron (suppress νμ CC)
• No veto activity (suppress cosmics)
• >200 Inner detector PMTs hit (above Michel electron)
• Fiducial volume (5 m)
• Likelihood ratios:

• more e-like than µ-like
• more e-like than π0-like

• Mγγ small (not consistent with π0)
• Neutrino energy window (475-3000 MeV)
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OVERALL PERFORMANCE
• Through most of signal region (<2 GeV) 50% or 

better efficiency
• NC π0 reduced to <1% of original rate

Process Predicted Yield
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νe  from K+ decay 71±26
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 (MeV)!reconstructed E

400 600 800 1000 1200 1400

e
v

e
n

ts
 /

 M
e

V

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

400 600 800 1000 1200 1400
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2
K
e! 
µ

e! 

0" 

 dirt events

# N$% 

 other

 LSND best-fit signal

)=0.003&(22sin

2=1.2 eV2m%

Stacked backgrounds:

29Friday, December 11, 2009



BACKGROUND CHECKS
• We defined 4 “sideband” regions near the signal regio

• None are ideal, but if should agree if our background 
modeling is correct

• High Energy νe: all selected events with Eν>1500 MeV
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• π0 sidebands

• L(e/π) sideband: events which are π0 like 
in L(e/π) but νe-like in Mγγ

• Mγγ sideband: events which are νe like in 
L(e/π) but π0-like in Mγγ

• A little bit “background like” in both
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CHECKS: HIGH ENERGY νe

• Both kinematic and particle 
identification quantities look 
okay.
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CHECKS L(e/π) SIDEBAND

• Looks okay!
• Mγγ cut removed for Mγγ plot
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Mγγ SIDEBAND

• Looks okay!
• L(e/π) cut removed for L(e/π) plot
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“CLOSE” IN BOTH

• Looks okay!
• Conclusion:

• background rejection variables, 
kinematics agree in control 
samples “near” the signal region.

3
fitted (R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

20

40

60

80

100

120

140

160

p = 0.75

 / ndf =   5.1 / 82!
3

eCorner box: R

 data

 Monte Carlo

3
(endpoint R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

20

40

60

80

100

120

140

160
p = 0.39

 / ndf =   8.4 / 82!
3

)
µ

Corner box: (endpoint R

 data

 Monte Carlo

 (MeV)
rec
"E

500 1000 1500 2000 2500 3000

e
v
e
n

ts
 /
 M

e
V

 /
 (

5
.6

E
2
0
 P

O
T

)

0

0.5

1

1.5

2

2.5

p = 0.51

 / ndf =   7.3 / 82!
rec
"Corner box: E

 data

 Monte Carlo

fitted energy (MeV)
200 400 600 800 1000 1200

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

50

100

150

200

250

300

p = 0.33

 / ndf =   8.1 / 72!

eCorner box: E

 data

 Monte Carlo

3
fitted (R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

20

40

60

80

100

120

140

160

p = 0.75

 / ndf =   5.1 / 82!
3

eCorner box: R

 data

 Monte Carlo

3
(endpoint R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

20

40

60

80

100

120

140

160
p = 0.39

 / ndf =   8.4 / 82!
3

)
µ

Corner box: (endpoint R

 data

 Monte Carlo

 (MeV)
rec
"E

500 1000 1500 2000 2500 3000

e
v
e
n

ts
 /
 M

e
V

 /
 (

5
.6

E
2
0
 P

O
T

)

0

0.5

1

1.5

2

2.5

p = 0.51

 / ndf =   7.3 / 82!
rec
"Corner box: E

 data

 Monte Carlo

fitted energy (MeV)
200 400 600 800 1000 1200

e
v
e
n

ts
 /
 b

in
 /
 (

5
.6

E
2
0
 P

O
T

)

0

50

100

150

200

250

300

p = 0.33

 / ndf =   8.1 / 72!

eCorner box: E

 data

 Monte Carlo

3
fitted (R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v

e
n

ts
 /

 b
in

 /
 (

5
.6

E
2

0
 P

O
T

)

0

20

40

60

80

100

120

140

160

p = 0.75

 / ndf =   5.1 / 82!
3

eCorner box: R

 data

 Monte Carlo

3
(endpoint R/610.6 cm)

0 0.1 0.2 0.3 0.4 0.5

e
v

e
n

ts
 /

 b
in

 /
 (

5
.6

E
2

0
 P

O
T

)

0

20

40

60

80

100

120

140

160
p = 0.39

 / ndf =   8.4 / 82!
3

)
µ

Corner box: (endpoint R

 data

 Monte Carlo

 (MeV)
rec
"E

500 1000 1500 2000 2500 3000

e
v

e
n

ts
 /

 M
e

V
 /

 (
5

.6
E

2
0

 P
O

T
)

0

0.5

1

1.5

2

2.5

p = 0.51

 / ndf =   7.3 / 82!
rec
"Corner box: E

 data

 Monte Carlo

fitted energy (MeV)
200 400 600 800 1000 1200

e
v

e
n

ts
 /

 b
in

 /
 (

5
.6

E
2

0
 P

O
T

)

0

50

100

150

200

250

300

p = 0.33

 / ndf =   8.1 / 72!

eCorner box: E

 data

 Monte Carlo

34Friday, December 11, 2009



RESULTS:

• No significant excess of events 
above 475 MeV threshold
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LOW ENERGY EXCESS
• We knew there was an issue:

• Prior to “opening the box”, a blind χ2 test on the EνQE distribution 
revealed a bad χ2.

• Since the test fits for an oscillation signal, there is a discrepancy that 
cannot be explained by background, signal, systematic uncertainties

• After a few studies, we found that we could increase threshold to 475 
MeV without compromising the sensitivity 

• The previous results are based on this threshold.
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MUON BREMSSTRAHLUNG?
• Suggested by A. Bodek (arxiv: 0709.4004v2)

• Initial state radiation from muon creates e-like ring
• New source of signal-like single e-rings not modeled in event generator

2

FIG. 2: The reconstructed neutrino energy (Erec
ν ) distribu-

tion of excess of νe from an updated analysis extended to
lower energy.

tectors, muons with energy less than 200 MeV are prac-
tically invisible, since they are below Cerenkov threhold.
Therefore, 400 MeV muons, which radiates a 200 MeV
photon would be invisible in MiniBoone and appear as νe

candidates. Even if a muon is partially visible in Mini-
Boone because its energy is above Cerenkov threshold, or
due to the production of a low light level from the scintil-
lator in oil (about 25%), its signal would most likely be
buried within the photon electromagnetic shower. The
presence of some of these undetected muons may be in-
ferred in MiniBoone via the observation of a Michel (<
52.8 MeV) electron from the delayed decay at rest of the
muon (µ−DAR). However, the efficiency for the detec-
tion of the presence of such muon events using µ−DAR
photons is not 100% for several reasons:

(1) A fraction of of the DAR electrons are at very low
electron energy.

(2) A fraction of the muons decay outside the detector’s
active fiducial volume.

(3) A fraction of the negatively charged muons are cap-
tured by atomic nuclei and undergo internal conversion.

In this communication, we show that the rate of radia-
tive muon events is significant and should be included in
the MiniBoone analysis. The details of the inefficiency
in the detection of invisible or partially visible muons de-
pend on the specific details of the MiniBoone analysis,
and are not addressed in this communication.

FIG. 3: The the lowest order Born diagram for d2σ0/dxdy
for νµN→ µN

FIG. 4: The the bremsstrahlung diagram for radiation of a
hard photon by the muon leg νµN→ µγN).

The radiative corrections to inclusive charged current
neutrino scattering has been calculated by by several
authors[5] including Kiskis, Barlow and Wolfram, and
Bardin et al. In this communication, we use the lead-
ing log peaking approximation as derived by De Rújula,
Petronzio, and Savoy-Navarro [6].

The contribution from the muon leg to the double dif-
ferential cross section in leading log approximation can
then be written as

d2σ

dxdy
=

d2σ0

dxdy
+

α

2π
ln

2MEν(1− y + xy)2

m2
µ

(1)

×
∫ 1

0
dz

1 + z2

1− z

[
y Θ(z − zm)
z(y + z − 1)

d2σ0

dxdy
(x̃, ỹ)

− d2σ0

dxdy
(x, y)

]
,

where α # 1/137 is the fine structure constant,

Ẽµ =
Eµ

z

x̃ =
xy

z + y − 1

ỹ =
z + y − 1

z
(2)

zm = 1− y + xy ,

and d2σ0/dxdy is the lowest order Born cross section
as shown in figure 3. Here, Q2 = 2MEνxy, M is
the nucleon mass, y = (Eν − Eµ)/Eν , and Eµ the en-
ergy of the outgoing charged muon in the laboratory

2

300 600 900 1200 1500

e
v

e
n

ts
 /

 M
e

V

0.5

1.0

1.5

2.0

2.5

  (MeV)!reconstructed E
3000

analysis threshold
 oscillation!2

y MiniBooNE data

µ!g expected background

µ! BG + best-fit oscillation

 backgroundµ! 

 backgrounde! 

FIG. 2: Reconstructed neutrino energy distribution of one
subevent events passing νe selection cuts. The data are shown
as points with statistical errors and the Monte Carlo predic-
tion is shown as a histogram with systematic errors. This
figure is a reproduction of Fig. 2 in [1].

source of the observed low energy excess and is not a
significant background to the MiniBooNE νµ → νe oscil-
lation search. Rather than relying on Monte Carlo simu-
lation of this process, data are used to directly constrain
the contribution of the muon bremsstrahlung diagram.
The study was conducted prior to the unblinding of the
data for the oscillation analysis and the results were in-
corporated into the estimated backgrounds at that time.
Because the study showed that the background to the os-
cillation analysis from muon internal bremsstrahlung was
extremely small, it was deemed unnecessary to add such
internal radiative effects to the simulation. The analysis
makes use of an event sample in which the presence of
a muon is tagged strictly by the presence of the Michel
electron from the decay of the muon:

νµ + n → µ− + p, µ−

→ e− + νµ + ν̄e.

The MiniBooNE detector and trigger [1] are particu-
larly well suited for such identification. The MiniBooNE
trigger creates a 19.2 µs time window surrounding the 1.6
µs beam spill. When events are reconstructed, periods of
time in which light is produced in the tank are identified
as “subevents”. Subevents are separated by looking for
gaps between PMT hit times larger than 10 ns, and are
typically ∼100 ns in length.

In 82% of the cases where a muon is contained in the
detector, a second subevent from the Michel electron is
produced. The 18% without a second subevent splits
into 8% that result from µ− capture in oil (this rate has
been separately measured [5]), 2% where simulation pre-
dicts the Michel electron creates too few PMT hits to
be clearly seen (<10 hit PMTs), and 8% where the muon
decays sufficiently quickly that the decay cannot be time-
resolved from the initial interaction.

To study the rate at which νµ charged current interac-
tions are mis-identified as νe’s, events with two subevents
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FIG. 3: Reconstructed neutrino energy distribution of two
subevent events passing νe selection cuts. The data are shown
as points with statistical errors and the Monte Carlo pre-
diction is shown as a histogram. No systematic uncertainty
has been evaluated for this sample. Normalization of both
data and Monte Carlo is to the rate of νµ CCQE events with
no observed Michel. If muon internal bremsstrahlung were
the source of the low energy excess in the oscillation sample
(Fig. 2), then the same excess would also be observed in this
figure, but is not.

are first selected. The two subevents must be separated
by at least 1500 ns to avoid any instrumental effects
causing the second subevent. No cuts are placed on the
first subevent, but the second subevent must have fewer
than 6 veto hits to ensure containment and reject cosmic
muons and fewer than 200 main tank hits to ensure an
energy consistent with a Michel electron. Having created,
in this way, a sample of events tagged as being from a
νµ charged current interaction, the second subevent and
its hits are discarded. The full set of νe selection cuts,
identical to those used in the oscillation result, are then
applied to this artificial one subevent sample. The re-
sulting sample is a direct, in situ measurement of the
bulk of the νµ charged current contribution to the back-
ground in the νe sample, including that from muon inter-
nal bremsstrahlung. The only νµ charged current back-
ground component this measurement misses is that due
to muon decay so rapid that the Michel electron cannot
be time separated from the parent muon. This back-
ground is constrained and checked in other ways.

The νe selection cuts [1] include precuts to isolate a
clean neutrino event sample: the event must have just
one subevent within the 1.6 µs beam window and have
fewer than 6 veto hits to remove incoming cosmic rays
and exiting muons from neutrino events in the detector.
Each event must also have more than 200 tank hits to re-
ject Michel electrons from stopped cosmic rays which can
enter the tank prior to the trigger window and therefore
avoid the veto.

After the precuts, the same “track-based” algorithm
used in the oscillation analysis [1] reconstructs the vertex
position, angle, energy, and time of the event, assuming
the light comes from an extended, straight line source.
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FIG. 2: Reconstructed neutrino energy distribution of one
subevent events passing νe selection cuts. The data are shown
as points with statistical errors and the Monte Carlo predic-
tion is shown as a histogram with systematic errors. This
figure is a reproduction of Fig. 2 in [1].

source of the observed low energy excess and is not a
significant background to the MiniBooNE νµ → νe oscil-
lation search. Rather than relying on Monte Carlo simu-
lation of this process, data are used to directly constrain
the contribution of the muon bremsstrahlung diagram.
The study was conducted prior to the unblinding of the
data for the oscillation analysis and the results were in-
corporated into the estimated backgrounds at that time.
Because the study showed that the background to the os-
cillation analysis from muon internal bremsstrahlung was
extremely small, it was deemed unnecessary to add such
internal radiative effects to the simulation. The analysis
makes use of an event sample in which the presence of
a muon is tagged strictly by the presence of the Michel
electron from the decay of the muon:

νµ + n → µ− + p, µ−

→ e− + νµ + ν̄e.

The MiniBooNE detector and trigger [1] are particu-
larly well suited for such identification. The MiniBooNE
trigger creates a 19.2 µs time window surrounding the 1.6
µs beam spill. When events are reconstructed, periods of
time in which light is produced in the tank are identified
as “subevents”. Subevents are separated by looking for
gaps between PMT hit times larger than 10 ns, and are
typically ∼100 ns in length.

In 82% of the cases where a muon is contained in the
detector, a second subevent from the Michel electron is
produced. The 18% without a second subevent splits
into 8% that result from µ− capture in oil (this rate has
been separately measured [5]), 2% where simulation pre-
dicts the Michel electron creates too few PMT hits to
be clearly seen (<10 hit PMTs), and 8% where the muon
decays sufficiently quickly that the decay cannot be time-
resolved from the initial interaction.

To study the rate at which νµ charged current interac-
tions are mis-identified as νe’s, events with two subevents
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FIG. 3: Reconstructed neutrino energy distribution of two
subevent events passing νe selection cuts. The data are shown
as points with statistical errors and the Monte Carlo pre-
diction is shown as a histogram. No systematic uncertainty
has been evaluated for this sample. Normalization of both
data and Monte Carlo is to the rate of νµ CCQE events with
no observed Michel. If muon internal bremsstrahlung were
the source of the low energy excess in the oscillation sample
(Fig. 2), then the same excess would also be observed in this
figure, but is not.

are first selected. The two subevents must be separated
by at least 1500 ns to avoid any instrumental effects
causing the second subevent. No cuts are placed on the
first subevent, but the second subevent must have fewer
than 6 veto hits to ensure containment and reject cosmic
muons and fewer than 200 main tank hits to ensure an
energy consistent with a Michel electron. Having created,
in this way, a sample of events tagged as being from a
νµ charged current interaction, the second subevent and
its hits are discarded. The full set of νe selection cuts,
identical to those used in the oscillation result, are then
applied to this artificial one subevent sample. The re-
sulting sample is a direct, in situ measurement of the
bulk of the νµ charged current contribution to the back-
ground in the νe sample, including that from muon inter-
nal bremsstrahlung. The only νµ charged current back-
ground component this measurement misses is that due
to muon decay so rapid that the Michel electron cannot
be time separated from the parent muon. This back-
ground is constrained and checked in other ways.

The νe selection cuts [1] include precuts to isolate a
clean neutrino event sample: the event must have just
one subevent within the 1.6 µs beam window and have
fewer than 6 veto hits to remove incoming cosmic rays
and exiting muons from neutrino events in the detector.
Each event must also have more than 200 tank hits to re-
ject Michel electrons from stopped cosmic rays which can
enter the tank prior to the trigger window and therefore
avoid the veto.

After the precuts, the same “track-based” algorithm
used in the oscillation analysis [1] reconstructs the vertex
position, angle, energy, and time of the event, assuming
the light comes from an extended, straight line source.

Radiative process is independent of muon decay 
signature (Michel electron tag)
Tag events independently by requiring Michel electron 
see how many pass the other cuts

excess but far too small to explain discrepancy
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PHOTONUCLEAR
• In addition to “standard” EM processes like 

pair production, Compton scattering, 
photons can undergo “photonuclear 
interactions”

• At low energy (~20-30 MeV), the photon 
can “shake” the nucleus after absorption

• This eliminates the photon from the event. 
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REVISED ESTIMATES
• More data (6.5x1020 POT vs. 5.6x1020 POT)

• Better flux estimate and uncertainties
• additional cuts to reduce “dirt” backgrounds
• slight changes to π0 model (also affects Δ → N+γ)

• New background processes
• photonuclear processes 

• increases π0 background by 30% in Eν=[200,475] MeV region

• Radiative π- capture, radiative decays from π-C interactions

• Not a significant effect
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FIG. 1: The EQE
ν distribution for data (points with statistical errors) and backgrounds (histogram

with systematic errors).
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FIG. 2: The event excess as a function of EQE
ν . Also shown are the expectations from the best

oscillation fit and from neutrino oscillation parameters in the LSND allowed region [2]. The error

bars include both statistical and systematic errors.
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HINDSIGHT:
• Photonuclear interactions turned out to be a significant effect 

• oversight in initial analysis
• could we have known in advance . . . . .

• Be prepared to make your own judgement!!!

Here!

???

Different editions of the PDG show/don’t show the GDR in C/Pb.
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SUMMARY OF LOW ENERGY
• After revision of background estimates, improved selection, 

more data, discrepancy persists:
• Between 200-475 MeV, it is 3 σ above expectation
• Antineutrino data does not show excess but statistics is low

• Lots of theoretical work has been pursued:
• SM processes: axial anomaly, more study of 
• New physics . . . . 

• Critical input: is the excess due to νe or photons?
• Unfortunately, MiniBooNE cannot really say
• New generation of tracking detectors (LAr) may provide 

some answers.
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CONCLUSIONS
• We developed powerful e/µ and e/π separation tools for the 

MiniBooNE νµ→νe oscillation search
• Required commensurate effort on the detector MC 
• Cross check performance and distributions on control samples

• Search didn’t reveal neutrino oscillations consistent with LSND 
neutrino oscillations
• Excess in low energy bins observed (but not later in 

antineutrinos)
• Revised background estimates found significant sources of 

new backgrounds
• Future experiments may reveal whether the excess is 

photons or electrons and guide theoretical developments
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