
S Y S T E M AT I C  U N C E R TA I N T I E S  F O R  
O S C I L L AT I O N  A N A LY S E S   
I N  M I N O S  A N D  N O VA

M A Y LY  S A N C H E Z  
I O W A  S TA T E  U N I V E R S I T Y  

DUNE Near Detector Workshop



Mayly Sanchez - ISU

• The neutrino spectrum is measured at the ND (before oscillations), this is a combination of 
neutrino flux, cross section and efficiency.  

• The measured spectrum is used to make a prediction of the expectation at the FD before 
considering oscillations.  

• In the case of functionally similar detectors the flux combined with the cross sections 
uncertainties largely cancel.  

• Even some aspects of the efficiency might cancel in the case of similar detector response. 
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L O N G - B A S E L I N E  E X P E R I M E N T S
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• Even with a near detector, critical reliance on model !

• 2p2h feed-down to oscillation peak from [Ref 4]
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Why is ν-A important for oscillation expts?!

Far detector!
Eν - EνQE 
smearing for 
Eν=0.8 GeV

Near detector !
Eν - EνQE 
smearing for 
Eν=0.8 GeV

ND(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏ND

FD(⌫µ) = �(E⌫)⇥ �(E⌫ , A)⇥ ✏FD ⇥ P (⌫µ ! ⌫e)osc

NOνA Near Detector

• Precision is achieved by 
placing a detector close to the 
source (Near Detector) and one 
at or close to the oscillation 
maximum (Far Detector). 

U N D E R S TA N D I N G  T H E  F L U X ,  C R O S S  S E C T I O N S  A N D  D E T E C T O R  
E F F I C I E N C I E S  I S  E S S E N T I A L  F O R  H I G H  P R E C I S I O N  



T H E  M I N O S / N O VA  D E T E C T O R S
Both MINOS and NOVA have functionally identical: Near and Far detectors 

• Same materials, same construction.  
• Differences in electronics to accommodate different rates.  
• Minor differences in detector response due to distance to electronics and other factors. 

Near Far
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Beam flux: Hadron production uncertainties

• Uncertainties in the neutrino flux cause large uncertainties in the ND simulated 
spectrum, but the errors largely cancel in the Far to Near Comparison. 

• Note that uncertainties in hadron production just based on modeling is not sufficient. 

• Additional flux uncertainties arise from focusing and alignment uncertainties: 10% 
Near only, 3% in Near/Far. 

~1% Peak, 5-8% Tail

P. Vahle SBL talk 2012

MINOS - on axis
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M I N O S  N E A R  D E T E C T O R  D ATA

• The beam spectrum can be tuned by varying 
relative positions of target and magnetic horns. 

• MINOS uses νμ CC events in ND to constrain 
flux using 7 beam configurations. 

• NA49 data used to constrain π+/π− and  
π/K ratios in fits.

• Majority of data is from the 
low energy beam.  

• High energy beam 
improves statistics in 
energy above the 
oscillation dip. 

• Additional exposure in 
other beam configurations 
for commissioning and 
systematic studies. 

• Remaining data/MC 
discrepancies <5%. 
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F L U X  U N C E R TA I N T I E S  I N  M I N E R VA

• MINERvA published the flux prediction for LE NuMI beam 
based on thin target data correction (Phys. Rev. D 94, 092005).

01-29-2017                     Leonidas Aliaga   |   NuMI Flux Prediction for NOvA and MINERVA10

Results for LE at MINERvA

(Phys. Rev. D 94, 092005 )

• MINERvA published the flux prediction for LE NuMI beam based on thin target data correction

01-29-2017                     Leonidas Aliaga   |   NuMI Flux Prediction for NOvA and MINERVA10

Results for LE at MINERvA

(Phys. Rev. D 94, 092005 )

• MINERvA published the flux prediction for LE NuMI beam based on thin target data correction

• Note that this is the dominant error for cross section 
systematics. Down to 6-8% in the peak and <10% in the tail. 

L. Aliaga - APS 2017
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P R O S P E C T S  F O R  N O VA  F L U X

• MINERvA published the flux prediction for LE NuMI beam 
based on thin target data correction (Phys. Rev. D 94, 092005).

• Using similar method for NOvA would expect 9-10% 
uncertainty in the peak. Far/Near reduction to be determined.

01-29-2017                     Leonidas Aliaga   |   NuMI Flux Prediction for NOvA and MINERVA11

Prospects for NUMI beam prediction at NOvA 

NuMI Medium Energy Beam, HP Uncertainties, numu  

expected ~9-10% 
uncertainty in the  peak

L. Aliaga - APS 2017
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C R O S S  S E C T I O N  U N C E R TA I N T I E S

• Uncertainties determined from comparison of MC 
to independent data. 

• Fits to both inclusive and exclusive channel data, 
in different invariant mass regions. 

• 3% on the normalization of the DIS  
(W > 1.7GeV/c

2

) cross-section. 

• 10% uncertainty in the normalization of the single-
pion and quasi-elastic cross-sections.  

• 20% uncertainty in the relative contribution of 
non-resonant states to the 1π and 2π production 
cross-sections for W < 1.7 GeV/c

2

.  

• More sophisticated treatment by GENIE still 
results in relative large uncertainties.  

• Agreement of models with high statistics 
data in Near Detectors still leaves much to be 
desired.   

P. Vahle SBL talk 2012

MINOS days
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S U R P R I S E S  I N  N U C L E A R  M O D E L I N G

• NOvA’s Near Detector hadronic energy distribution suggests 
unsimulated process between quasi-elastic and delta production.
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Similar conclusions from MINERvA data reported in  
P.A. Rodrigues et al.,  PRL 116 (2016) 071802 

Potentially: 2-particle, 2-hole 
(2p2h) events where neutrino is 
scattering off a nucleon-nucleon 
pair
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I M P R O V E D  N U C L E A R  M O D E L I N G
• Enabled GENIE’s empirical 

Meson Exchange Current model 
(1). 

• Reweighted to matched observed 
excess as a function of 
momentum transfer. 

• Weight single non-resonant pion 
production down by effectively 
50%. 

• Take 50% systematic uncertainty 
on MEC component (2). 

• Impacts the hadronic energy scale 
and quasi-elastic cross section 
systematic uncertainties.
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1S. Dytman, based on J. W. Lightbody, J. S. OConnell, Comp. 
in Phys. 2 (1988) 57 
2P.A. Rodrigues et al., arXiv:1601.01888

Being able to identify nuclear processes on same nucleus as Far Detector, key to extrapolating this. 
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I M PA C T  O F  N U C L E A R  M O D E L I N G

• In 2015 analysis NOvA observed a  substantial discrepancy in ND hadronic energy. Applied 
empirical 14% hadronic scaling and took entire 14% as a systematic.  

• Assumed to be a combination of cross section/extrapolable detector response.   

• Improved simulation and more study identified this as mostly missing 2p2h component.  
Justified in extrapolating before, reduced systematic uncertainty after adding MEC model. 
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Mayly Sanchez - ISU

N E U T R I N O  E N E R G Y  E S T I M AT I O N

• Data vs MC show good agreement for muon neutrino  selected events.  

• Muon particle are well described by our MC.   

• Muon dE/dx used in length-to-energy conversion 

• Hadronic energy estimated calorimetrically from off-track hits.  

• Significant improvement due to effective scintillator light tuning and MEC modeling added.   
• This results in 7% overall neutrino energy resolution.

1212
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D ATA - D R I V E N  FA R  D E T E C T O R  M U O N  
N E U T R I N O  P R E D I C T I O N  ( I N  N O VA )
• Estimate the underlying true energy distribution of selected ND events. 

• Multiply by expected Far/Near event ratio and 𝜈𝜇→𝜈𝜇 oscillation probability as a function 
of true energy. 

• Convert FD true energy distribution into predicted FD reconstructed energy distribution. 

• Systematic uncertainties assessed by varying all MC-based steps.

13

Other extrapolations possible and might have an impact on uncertainties of prediction. 



Mayly Sanchez - ISU

S Y S T E M AT I C  U N C E R TA I N T I E S
• The two functionally-identical detector 

technique in NOvA largely reduces several 
uncertainties typical of accelerator neutrino 
experiments:  

• Hadron production uncertainty in the 
neutrino target and beam line focusing 
errors cause +/-20% changes in 
normalization, but peak energy shifts by 
less than 1.5%.
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Constrained by ND data, beam 
systematic errors in FD 
prediction are negligible 
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S Y S T E M AT I C  U N C E R TA I N T I E S
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• The two functionally-identical detector technique in 
NOvA largely reduces several uncertainties typical of 
accelerator neutrino experiments:  

• Neutrino interaction uncertainties also cancel in 
the extrapolation, leaving a residual 3.5% change 
in number of events. Largest contributions from 
modifying axial mass in QE and RES cross section 
parameterization 

• ND beam peak moves by less than 1%.

From NOvA’s first analysis



S Y S T E M AT I C  U N C E R TA I N T I E S

• Most systematics significantly cancel in Far/Near extrapolation. 

• Table quotes increase in 68% contours relative to stat-only fit.  

• Including MEC in simulation reduces hadronic energy systematic. 

• Systematics included as pull terms in the fit.

5

TABLE I. Sources of uncertainty and their estimated average impact on the sin2✓23 and �m2
32 measurements. For this table,

the impact is quantified using the increase in the one-dimensional 68% C.L. interval, relative to the size of the interval when
only statistical uncertainty is included in the fit. Simulated data were used and oscillated with �m2

32 = 2.67⇥10�3 eV2 and
sin2✓23 = 0.626.

Source of uncertainty
Uncertainty in Uncertainty in

sin2✓23(⇥10�3) �m2
32

�
⇥10�6 eV2

�

Absolute muon energy scale [±2%] +9 / -8 +3 / -10

Relative muon energy scale [±2%] +9 / -9 +23 / -14

Absolute hadronic energy scale [±5%] +5 / -5 +7 / -3

Relative hadronic energy scale [±5%] +10 / -11 +29 / -19

Normalization [±5%] +5 / -5 +4 / -8

Cross sections and final state interactions +3 / -3 +12 / -15

Neutrino flux +1 / -2 +4 / -7

Beam background normalization [±100%] +3 / -6 +10 / -16

Scintillation model +4 / -3 +2 / -5

�CP [0� 2⇡] +0.2 / -0.3 +10 / -9

Total systematic uncertainty +17 / -19 +50 / -47

Statistical uncertainty +21 / -23 +93 / -99

obscured until the analysis was finalized. After unblind-
ing, we observed 78 ⌫µ-CC candidate events in the FD
with an expected background of 3.4 NC, 0.23 ⌫e-CC,
0.27 ⌫⌧ -CC events, and 2.7 cosmic ray induced events. In
the absence of oscillations 473± 30 events are predicted.
At the best fit parameters, 82.4 events are expected. Fig-
ure 2 shows the measured energy spectrum along with the
best fit prediction, with the ratio to the prediction in the
absence of oscillations shown in the lower panel. The data
are fit for oscillations using 19 energy bins of 0.25 GeV
width between 0.25-5.0 GeV. The fit uses a log-likelihood
minimization with systematic uncertainties profiled using
Gaussian penalty terms. The oscillation parameters not
directly measured in this analysis are also profiled over,
using uncertainties taken from world averages [33]. Our
best fit is quoted at �CP = 3⇡/2, which is degenerate
with �CP = ⇡/2. The disappearance probability is only
mildly dependent on the value of �CP and the e↵ect of
letting �CP vary in the [0, 2⇡] range is included in the
uncertainties.

The best fit to the data gives �m

2
32 = (+2.67 ±

0.11)⇥10�3 eV2 and sin2✓23 at the two statistically-
degenerate values 0.404+0.030

�0.022 and 0.624+0.022
�0.030 both at

the 68% C.L. in the normal hierarchy (NH). For the in-
verted hierarchy, �m

2
32 = (�2.72± 0.11)⇥10�3 eV2 and

sin2✓23 = 0.398+0.030
�0.022 or 0.618

+0.022
�0.030 at 68% C.L. The best

fit has a �

2
/d.o.f. = 41.6/17, which arises mainly from

bins in the tail of the energy spectrum that contain little
information about the 3-flavor oscillations. Restricting
the fit to energies below 2.5 GeV reduces the �2

/d.o.f. to
3.2/7 and does not significantly change the fit results.

Maximal mixing, where sin2✓23 = 0.5, is disfavored by
the data at 2.6�. Fixing sin2✓23 = 0.5 gives a best fit
of �m

2
32 = 2.48⇥10�3 eV2 (NH) with a prediction of
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FIG. 2. Top: Comparison of the reconstructed energy spec-
trum of the FD data (black dots) and best fit prediction (red).
The systematic uncertainty band is shaded red. Combined
beam and cosmic backgrounds are shown by the dashed blue
histogram. The prediction assuming maximal mixing is shown
in dashed green. Bottom: The ratio to no oscillations for data
and MC after background subtraction.

77.7 events. Figure 2 illustrates the di↵erence between
the energy spectrum for the maximal mixing prediction,
in dashed green, and the best fit to our data, in red, for
which the mixing is non-maximal. The 1-2 GeV region is
where the oscillation maximum occurs and the events in
that range provide the most information about the mix-
ing angle. Visual scanning of the events in this region
along with studies of their geometric location and kine-
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From NOvA’s latest analysis
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Appearance analysis challenges
• Electron neutrino appearance analyses are different than muon 

neutrino disappearance analyses:  

• Cannot cancel systematic uncertainties on the signal directly 
as the signal is not observed at the near detector.  

• Potentially larger backgrounds due to electromagnetic 
showers in neutral currents. 

• Intrinsic beam electron neutrino contamination. 

• Other systematic uncertainties are more relevant such as 
hadronic shower uncertainties.

How do we use the near detector then?
17



M I N O S  N E A R  D E T E C T O R  D ATA

• Near Detector provides a high-
statistic data sample to estimate 
the background. 

• Simulation originally predicted 
backgrounds ~20% higher than 
observed. 

• Hadronization and final state 
interactions uncertainties give rise to 
large uncertainties in ND prediction. 

• External data sparse in region of 
interest. 

• Improvements to nuclear 
rescattering model in MC reduced 
data/MC discrepancies in later 
analyses.  

MINOS developed data-driven 
methods to measure the different 
background components.
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P R E D I C T I N G  T H E  B A C K G R O U N D  I N  T H E  F D 4
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FIG. 1: Reconstructed energy of events selected in the ND
data and simulation by the ⌫e CC selection criteria in the
three ⌫e classifier (CVN) bins. The left-most panel is the low-
est purity classifier bin, while the right-most has the highest
purity.

nents which are then used to estimate the corresponding
components in the FD.

Both the ⌫µ and intrinsic ⌫e components of the beam
peak arise primarily from pions decaying through the pro-
cess (⇡+ ! µ+ + ⌫µ), as well as the subsequent muon
decay (µ+ ! e++ ⌫̄µ+⌫e). At higher energies they orig-
inate from kaon decays. The pion and kaon hadron yields
can be derived from the low and high-energy ⌫µ CC rate
in the ND data and are used to correct the ⌫e CC rate
in the simulation. From this method, it is inferred that
the kaon yield is higher by 17% and the pion yield lower
by 3% than predicted by the simulation. This results in
an overall 1% increase in the estimated intrinsic ⌫e CC
background rate in the 1 to 3 GeV range in the ND.

Some of the ⌫µ CC interactions that are a background
to the ⌫e CC selection have a muon hidden in the shower
associated with the hadronic recoil. In these events, the
time-delayed electron from muon decay (Michel electron)
may often be found. The hadronic recoil system also pro-
duces this signature due to the presence of charged pions
that decay to muons. However, on average, ⌫µ CC inter-
actions have one more Michel electron than ⌫e CC and
NC interactions. The ⌫µ CC and NC background compo-
nents are varied in each bin of energy and ⌫e classifier to
obtain the best match to the distribution of the number
of Michel electron candidates in data. The intrinsic ⌫e CC
background component is held fixed at the value obtained
from the pion and kaon yield analysis. This method leads
to an integrated increase of 17.7% and 10.4% in the ⌫µ CC
and NC background rates relative to those predicted by
the ND simulation. These corrections derived from the
ND data account for the 10% discrepancy with simula-
tion and are applied to the background spectra in the
FD simulation in the analysis bins. The spectra are then
weighted by the appropriate 3-flavor oscillation probabil-
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FIG. 2: Reconstructed energy of selected FD events in three
bins of the CVN classifier variable. Black points show the
data, the red line shows the predicted spectrum at the best fit
point in Normal Hierarchy (NH), with the blue area showing
the total expected background.

ity to obtain the final estimates of the beam backgrounds
in the FD. After applying these data-driven constraints,
the predicted background composition in the FD for this
analysis is 45.3% NC, 38% intrinsic ⌫e CC, 8.4% ⌫µ CC,
1.8% ⌫⌧ CC, and 6.5% cosmic events.
The ⌫e appearance signal expected in the FD is also

constrained by the observed neutrino beam spectrum in
the ND. A sample of ⌫µ candidates are selected [30] in
the ND data, and the underlying true energy spectrum
is derived from a reconstructed to true energy migration
matrix. The spectrum of true ⌫e CC signal events se-
lected in the FD simulation is corrected by the ratio of
the ⌫µ CC true energy spectrum derived from ND data to
the simulated ⌫µ CC spectrum. The adjusted FD signal
spectrum is weighted by the ⌫e appearance probability
and mapped back to the reconstructed energy spectrum
for the final estimate of ⌫e appearance signal. This ex-
trapolation is carried out for the energy spectra in all
three ⌫e classifier bins.
The ND data are also used to verify the simulated ⌫e

CC selection e�ciency. For events that pass the ⌫µ CC
selection criteria in ND data and simulation, the energy
deposits along the reconstructed track of the candidate
muon are removed [37]. An electron with the same en-
ergy and direction is simulated in its place to construct
⌫e CC-like interactions in both data and simulation. The
event is reconstructed again with the electron shower em-
bedded in it and the ⌫e selection cuts are applied. The
e�ciency of the ⌫e CC selection criteria in the ND be-
tween data and simulation for identifying neutrino events
with inserted electrons match to within 1%.
Systematic uncertainties are evaluated by reweighting

or generating new simulated event samples modified to
account for each uncertainty in the ND and FD. Altered
simulation samples are used with the ND data to pre-
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• Calorimetric energy  per  electron 
neutrino selection bin (shown for 
NOvAs second analysis) shows a small 
excess. 

• As in MINOS, NOvA has developed 
data driven methods to separate 
background components and do 
appropriate corrections to simulation.  

• Adjust beam νe 3% up, NCs 17%, 
νμ CC 10%.  

• Note FD background is almost 
entirely intrinsic νe and NC π

0
. 

• ND data is translated to FD 
background expectation in each 
energy bin, using Far/Near ratios from 
simulation.

The luxury of flux x cross section
19
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P R E D I C T I N G  T H E  
S I G N A L  I N  T H E  F D

• FD signal expectation is predicted 
using the ND-selected 𝜈𝜇 CC 
spectrum using same technique as 
for muon neutrino disappearance.

20

• Since the source of FD νe 
signal is ND νμ, it requires we 
know the νe/νμ cross-section 
ratio well.  

• Only direct comparison with 
the same detector at these 
energies is from MINERvA 
(QE-only): arXiv:1509.05729. Reconstructed neutrino energy (GeV)
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P R E D I C T I N G  T H E  
S I G N A L  I N  T H E  F D

• FD signal expectation is predicted 
using the ND-selected 𝜈𝜇 CC 
spectrum using same technique as 
for muon neutrino disappearance.
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• Since the source of FD νe 
signal is ND νμ, it requires we 
know the νe/νμ cross-section 
ratio well. 

• Only direct comparison with 
the same detector at these 
energies is from MINERvA 
(QE-only): arXiv:1509.05729. Reconstructed neutrino energy (GeV)
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⌫e signal extrapolation

ND ⌫µ CC
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!

FD ⌫e CC

I Source of FD ⌫e signal is ND ⌫µ
I Requires we know the ⌫e/⌫µ

cross-section ratio well

I Only direct comparison with the
same detector at these energies
is from MINERvA1 (QE-only)

1arXiv:1509.05729

C. Backhouse (Caltech) NOvA 15 / 23

MINERvA

Knowing breakdown of efficiencies  per neutrino interaction  mode is important



C O M B I N E D  FA R  D E T E C T O R  
P R E D I C T I O N
• Signal efficiency checked with hadronic 

shower data: muon removed data 
sample, replace simulated electron.  

• EM showers should be well modeled, 
all discrepancies would come from 
hadronic side.  

• NOvA finds ~1% data/MC difference 
when MEC included. 

• Detector response x hadronic model.  

• Where do the model dependencies 
come from?  

• ND sees a different spectrum to FD. 

• ND is substantially smaller and thus 
containment sculpts kinematics.  

• Correcting for/estimating these 
effects leans on MC. 
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FIG. 1: Reconstructed energy of events selected in the ND
data and simulation by the ⌫e CC selection criteria in the
three ⌫e classifier (CVN) bins. The left-most panel is the low-
est purity classifier bin, while the right-most has the highest
purity.

nents which are then used to estimate the corresponding
components in the FD.

Both the ⌫µ and intrinsic ⌫e components of the beam
peak arise primarily from pions decaying through the pro-
cess (⇡+ ! µ+ + ⌫µ), as well as the subsequent muon
decay (µ+ ! e++ ⌫̄µ+⌫e). At higher energies they orig-
inate from kaon decays. The pion and kaon hadron yields
can be derived from the low and high-energy ⌫µ CC rate
in the ND data and are used to correct the ⌫e CC rate
in the simulation. From this method, it is inferred that
the kaon yield is higher by 17% and the pion yield lower
by 3% than predicted by the simulation. This results in
an overall 1% increase in the estimated intrinsic ⌫e CC
background rate in the 1 to 3 GeV range in the ND.

Some of the ⌫µ CC interactions that are a background
to the ⌫e CC selection have a muon hidden in the shower
associated with the hadronic recoil. In these events, the
time-delayed electron from muon decay (Michel electron)
may often be found. The hadronic recoil system also pro-
duces this signature due to the presence of charged pions
that decay to muons. However, on average, ⌫µ CC inter-
actions have one more Michel electron than ⌫e CC and
NC interactions. The ⌫µ CC and NC background compo-
nents are varied in each bin of energy and ⌫e classifier to
obtain the best match to the distribution of the number
of Michel electron candidates in data. The intrinsic ⌫e CC
background component is held fixed at the value obtained
from the pion and kaon yield analysis. This method leads
to an integrated increase of 17.7% and 10.4% in the ⌫µ CC
and NC background rates relative to those predicted by
the ND simulation. These corrections derived from the
ND data account for the 10% discrepancy with simula-
tion and are applied to the background spectra in the
FD simulation in the analysis bins. The spectra are then
weighted by the appropriate 3-flavor oscillation probabil-
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FIG. 2: Reconstructed energy of selected FD events in three
bins of the CVN classifier variable. Black points show the
data, the red line shows the predicted spectrum at the best fit
point in Normal Hierarchy (NH), with the blue area showing
the total expected background.

ity to obtain the final estimates of the beam backgrounds
in the FD. After applying these data-driven constraints,
the predicted background composition in the FD for this
analysis is 45.3% NC, 38% intrinsic ⌫e CC, 8.4% ⌫µ CC,
1.8% ⌫⌧ CC, and 6.5% cosmic events.
The ⌫e appearance signal expected in the FD is also

constrained by the observed neutrino beam spectrum in
the ND. A sample of ⌫µ candidates are selected [30] in
the ND data, and the underlying true energy spectrum
is derived from a reconstructed to true energy migration
matrix. The spectrum of true ⌫e CC signal events se-
lected in the FD simulation is corrected by the ratio of
the ⌫µ CC true energy spectrum derived from ND data to
the simulated ⌫µ CC spectrum. The adjusted FD signal
spectrum is weighted by the ⌫e appearance probability
and mapped back to the reconstructed energy spectrum
for the final estimate of ⌫e appearance signal. This ex-
trapolation is carried out for the energy spectra in all
three ⌫e classifier bins.
The ND data are also used to verify the simulated ⌫e

CC selection e�ciency. For events that pass the ⌫µ CC
selection criteria in ND data and simulation, the energy
deposits along the reconstructed track of the candidate
muon are removed [37]. An electron with the same en-
ergy and direction is simulated in its place to construct
⌫e CC-like interactions in both data and simulation. The
event is reconstructed again with the electron shower em-
bedded in it and the ⌫e selection cuts are applied. The
e�ciency of the ⌫e CC selection criteria in the ND be-
tween data and simulation for identifying neutrino events
with inserted electrons match to within 1%.
Systematic uncertainties are evaluated by reweighting

or generating new simulated event samples modified to
account for each uncertainty in the ND and FD. Altered
simulation samples are used with the ND data to pre-

Backhouse - PINS 2017

⌫e signal selection e�ciency – MRE

I EM showers should be well modeled

I Any ⌫e signal e�ciency di↵erences
coming from the hadronic side?

I Remove muon from clear ⌫µ CC events
in ND, replace with simulated shower

I Simulation of EM activity checked with
a related technique using FD cosmic
brems

I O(1%) e�ciency di↵erence for MRE data/MC once MEC included
I Noticeable e↵ect on e�ciency, not as dramatic as T2K

I Higher energy (more RES and DIS)
I Matched ND/FD makes it easier to include in FD

C. Backhouse (Caltech) NOvA 16 / 23
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data hadronic shower

simulated electron shower



S Y S T E M AT I C  U N C E R TA I N T I E S  F O R  
A P P E A R A N C E

• Extrapolate FD predictions with special MC samples for each effect.   
• Uncertainty quoted as difference between shifted and nominal predictions. 
• Multiple sources of systematic error considered, including GENIE at  

1 sigma plus MEC scale.  
• Background effectively constrained using ND, from 30% to <5%. 

Background uncertainty (%)
40− 20− 0 20 40

Statistical error

Total syst. error

Beam

Normalization

 Cross Sectionsν

Detector Response

Calibration

Signal uncertainty (%)
20− 10− 0 10 20

Statistical error

Total syst. error

Detector Response

Beam

Calibration

 Cross Sectionsν

Normalization

23



M Y  N E A R  D E T E C T O R  W I S H  L I S T

• The extrapolation Near to Far using functionally similar detectors allows for significant 
first order systematic uncertainties cancellations in flux x cross section and even detector 
response. It is a challenge to disentangle these. Therefore my ND wish list includes:  

• Excellent lepton particle ID/energy resolution  

• Excellent hadronic shower energy resolution  

• 4pi containment of hadronic showers  

• Same nucleus/material as far detector  

• Important for neutrino interaction surprises  

• Able to deal with flux/intensity at near site  

• Similar detector response than far detector (hard I know)

24



B A C K U P
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D I F F E R E N T  E X T R A P O L AT I O N  M O D E L S

+10% QE/res xsec -10% ShwE scale

Beam Reweighting +50% NC rate

• Some uncertainties are more sensitive to different extrapolation methods (depends on knobs):  
F/N Ratio and NDFit are currently used by NOvA and T2K respectively.

From MINOS
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Beam flux: systematics
• Additional flux uncertainties arise from focusing 

and alignment uncertainties. 

• Errors in flux estimated using comparisons 
between nominal (pbeam) simulation and 
systematically offset simulation sets. 

• Offsets determined from beam survey 
measurements, target scans, hadron/muon 
monitoring, etc. (Documented in R. Zwaska thesis, 
UT Austin, 2005). 

• Uncertainties go from 10% total in Near only down 
to <3% at the peak for Far/Near. 

P. Vahle SBL talk 2012

MINOS - on axis
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Mayly Sanchez - ISU

M U O N  N E U T R I N O  E N E R G Y  S P E C T R U M

• Expect 473±30 events before oscillations. 

• Observe 78 events (expect 82 at best fit oscillated prediction).

28N O VA’ S  O B S E R VAT I O N  O F  M U O N  N E U T R I N O  D I S A P P E A R A N C E28

Reconstructed neutrino energy (GeV)
0 1 2 3 4 5

Ev
en

ts
 / 

0.
25

 G
eV

0

20

40

60

80

100

120  POT-equiv.2010×A 6.05νNO

Best fit prediction

Unoscillated prediction

Data

NOvA Preliminary

U N O S C I L L AT E D  𝝂 𝛍

O S C I L L AT E D  𝝂 𝛍



Mayly Sanchez - ISU

M U O N  N E U T R I N O  E N E R G Y  S P E C T R U M

• Expect 473±30 events before oscillations. 

• Observe 78 events (expect 82 at best fit oscillated prediction).

29N O VA’ S  O B S E R VAT I O N  O F  M U O N  N E U T R I N O  D I S A P P E A R A N C E29
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Mayly Sanchez - ISU

                 
 

N O VA  M U O N  N E U T R I N O  
D I S A P P E A R A N C E  R E S U LT S

• Dominant systematic effects:  

• Normalization, NC 
background, flux, muon and 
hadronic energy scales, cross 
section, detector response 
and noise. 

• Parameter measurements (NH):

30

M A X I M A L  M I X I N G  E X C L U D E D  AT  2 . 6𝜎  

30

• A 3-flavor fit to the νμ selected spectrum provides the allowed parameter space.

arXiv:1701.05891 (accepted for publication in  PRL) 
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P R E D I C T I N G  T H E  
B A C K G R O U N D  I N  
T H E  F D

• Calorimetric energy after electron 
neutrino selection (shown for NOvAs 
first analysis) shows good agreement.

31

• ND data is translated to FD 
background expectation in 
each energy bin, using Far/
Near ratios from simulation. 

• A small 5% excess in data was 
observed in the ND which was 
used as a correction to the FD 
background prediction.
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N O VA  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

3232

• Observe 33 events for 8.2 
expected background events. 

• Range of expectation  
(for maximal mixing): 
 
 

• Electron neutrino appearance 
observed at > 8 σ. 

Prediction 

Total BG NC Beam νe νµ CC  ντ CC Cosmics 

8.2 3.7 3.1 0.7 0.1 0.5 

NH, 3π/2,  IH, π/2,  

28.2 11.2 

Signal events 
(±5% systematic uncertainty): 
 

Background by component  
(±10% systematic uncertainty): 

¨  Extrapolate each component in 
bins of energy and CVN output 

¨  Expected event counts depend 
on oscillation parameters  
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N O VA  E L E C T R O N  
N E U T R I N O  
A P P E A R A N C E  R E S U LT S

• Fitting the electron neutrino 
appearance spectrum with 
muon neutrino disappearance 
data which for NOvA hints at a 
non maximal mixing angle.  

• Both octants and hierarchies 
are allowed at 1σ.  

• Very small 𝝌2 difference 
(0.47) between IH and NH.  

• NOvA sees a 3σ exclusion at 
IH, lower octant around 
𝜹CP=π/2. 

33

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit NH

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit IH



LBNE systematic uncertainties
The dominant 
systematic uncertainties 
on the appearance 
signal prediction.  

For the MINOS 
uncertainties absolute 
refers to the total 
uncertainty.  

The LBNE uncertainties 
are the total expected 
uncertainties on the 
appearance signal which 
include both correlated 
and uncorrelated 
uncertainties in the 
three-flavor fit.

104 4 Neutrino Mixing, Mass Hierarchy, and CP Violation

Table 4.5: The dominant systematic uncertainties on the ‹e appearance signal prediction in MINOS and
T2K and a projection of the expected uncertainties in LBNE. For the MINOS uncertainties absolute refers
to the total uncertainty and ‹e is the effect on the ‹e appearance signal only. The LBNE uncertainties are
the total expected uncertainties on the ‹e appearance signal which include both correlated and uncorrelated
uncertainties in the three-flavor fit.

Source of MINOS T2K LBNE Comments
Uncertainty Absolute/‹

e

‹

e

‹

e

Beam Flux 3%/0.3% 2.9% 2% MINOS is normalization only.
after N/F LBNE normalization and shape
extrapolation highly correlated between ‹µ/‹e.

Detector effects
Energy scale 7%/3.5% included (2%) Included in LBNE ‹µ sample
(‹

µ

) above uncertainty only in three-flavor fit.
MINOS dominated by hadronic scale.

Absolute energy 5.7%/2.7% 3.4% 2% Totally active LArTPC with calibration
scale (‹

e

) includes and test beam data lowers uncertainty.
all FD
effects

Fiducial 2.4%/2.4% 1% 1% Larger detectors = smaller uncertainty.
volume

Neutrino interaction modeling
Simulation 2.7%/2.7% 7.5% ≥ 2% Hadronization models are better
includes: constrained in the LBNE LArTPC.
hadronization N/F cancellation larger in MINOS/LBNE.
cross sections X-section uncertainties larger at T2K energies.
nuclear models Spectral analysis in LBNE provides

extra constraint.
Total 5.7% 8.8% 3.6 % Uncorrelated ‹

e

uncertainty in
full LBNE three-flavor fit = 1-2%.

LBNE’s — is expected to operate for more than a decade with improved flux measurements using
the much more capable MINER‹A detector [161] in both the low-energy and high-energy tunes.
MINER‹A is designed to measure the absolute NuMI flux with a precision of ≥ 5% or better; data
from MINER‹A will be used to further improve the accuracy of the LBNE beamline simulation,
reducing the uncertainties on the extrapolation of the flux. A new program of hadron production
measurements at the NA61/SHINE [162] experiment will also reduce the near-to-far extrapolation
uncertainties from the LBNE beamline simulation. The combination of LBNE near detector flux
measurements and improved beamline simulation is expected to enable a prediction of the far
detector ‹e appearance signal with a precision of < 2% total normalization and shape uncertainty.
Since this uncertainty is highly correlated among the four data samples in the three-flavor fit, the
final uncorrelated uncertainty on the ‹e signal sample will be significantly smaller.

The Long-Baseline Neutrino Experiment
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