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Outline 

• A bit of history … 
• A few examples 
 muon neutrino  

disappearance 
 antineutrino disappearance 
 neutrino electron appearance 
 The QE saga as a lesson 

• Looking forward 
 Precision disappearance and appearance  
 The roles/needs for the players of the future  

A look under the hood 



An obvious things to start with … 
•  Total cross section -> event totals -> sensitivity 
•  Oscillations depend on L/E 
 Improved oscillations measurements require better modeling 

of “E” based on final state 
 FSI/nuclear effects 

•  What you see Evis doesn’t add up to “v” 
 Angles modified, particles absorbed  

•  Can’t always trust kinematic reconstruction 
•  Backgrounds are need to be modeled with their own cross 

sections 
 More aggressive signal selection & background suppression 

can imply more systematics unless one knows the background 
accurately 

•  Need to know rates and properties of below-threshold 
particles 
 Background contributor, resolution killer & systematic bias 
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We were “here” just after proof of 
oscillations … 

•  NUINT01: Lipari, arXiv  hep-ph/0207172 

•  The first of a long set of productive workshops bringing together the 
neutrino and electron scattering communities, theory and experiment 
  Recall that Jlab was in its 6th year of beam  
  Their early results were starting to pour in – it was a very exciting time for the 

hadronic physics community 
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Figure 1. Top panel: Energy distribution of the
event rates (dNµ/d lnEν) for atmospheric neutrinos
and for operating (K2K) or planned long baseline
neutrino experiments [Fermilab to Minos (LE) and
CERN to Gran Sasso]. Bottom panel: charged cur-
rent νµ cross section calculation [9] compared with
data. Note the importance of quasi–elastic and single
pion production.

tance L is:

∆ϕjk = (Ek − Ej)L " (∆m2
jk L) / (2Eν) (1)

where ∆m2
jk = m2

k − m2
j is the ν squared mass

difference. The probability for flavor transitions
becomes important when at least one quantum
phase difference is of order unity, and this de-
termines the combinations of L and Eν that are
needed to study the flavor transitions once the
order of magnitude of the ∆m2 are known. The
largest squared mass difference, measured in at-
mospheric ν experiment: |∆m2

atm| ≡ |∆m2
23| is

of order 3 × 10−3 eV2. A quantum mechanical
phase difference ∆ϕ23 = π corresponds to the en-

ergy Eν = ∆m2
23 L/(2π) or numerically:

Eν = 0.60 GeV

[

∆m2
23

3 × 10−3 eV2

] [

L

250 Km

]

(2)

At this energy one expects a maximum of the
νµ → ντ oscillation probability for a distance L
between ν source and detector. Note that also the
evidence for oscillation for atmospheric neutrinos
has been obtained with neutrinos of energy Eν ∼
1 GeV. The top panel of fig. 1 shows the energy
spectra of different long baseline projects, and for
atmospheric neutrinos1.

The flavor composition, and energy spectrum
of a ν beam in a detector (located at a distance
L from the source) is determined from the obser-
vation of neutrino interactions, and clearly un-
certainties in the knowledge of the neutrino cross
sections are a limiting factors in the sensitivity.
There are uncertainties about the absolute value
of the cross sections, the ratio σnc/σcc between
the neutral and charged current interaction rates,
the average multiplicity in the final state, the en-
ergy and angular distribution of final state lepton
(and hadronic particles). Depending of the detec-
tor type and the scientific question asked, these
uncertainties can have a different importance.

The NUINT01 workshop2 has been dedicated
to a discussion of the problem of the neutrino in-
teraction properties, attempting to estimate: (i)
the size of the existing uncertainties, (ii) their
probable impact on studies of the fundamental
ν properties, and (iii) possible methods to reduce
these uncertainties. A list of relevant questions
is:

(A) How well have we measured the ν cross sec-
tions and interaction properties?

(B) How good is our theoretical understanding
(and computational capabilities) of the ν
cross sections and interaction properties?

(C) How well do we need to know σν to deter-
mine with the desired accuracy the ν flavor
evolution and mass matrix?

1The CERN Gran Sasso project is designed to study the
appearance of τ neutrinos, with the process νµ → ντ →

τ−. Since the threshold for the τ production is ∼ 3.5 GeV,
the beam is designed to have a larger average ν energy.
2See the web page neutrino.kek.jp/nuint01/



From S. Zeller’s nufact03  
neutrino data summary 
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Quasi-Elastic Cross Section

Existing QE σ measurements were made ∼ 20 years ago
and have limited precision:

• largest contrib to exp’l error 15−20% flux uncertainties

• No big surprise here - Monte Carlo predictions agree
(w/ consistent pars)

• apart from nuclear effects, theoretical uncertainty
dominated by MA = 1.026± 0.021 GeV (world average)

• considerable spread in the QE σ data for any given Eν

Sam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 13

CC Single Pion Production

νµ p→ µ− p π+

νµ n→ µ− p π0 νµ n→ µ− n π+



From S. Zeller’s nufact03  
neutrino data summary 
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Total CC ν Cross Sections

Monte Carlos models can differ in how sum various σ
contributions to form total

• quasi–elastic scattering

• CC single pion

• NC single pion

• coherent pion

• dipion channels

• associated strangeness pro-

duction

• total cross sections →

Model comparisons have turned up interesting differences

ν Cross Section Score Card

Cross Present Theor.
Section Knowledge ν Data Models

DIS Excellent � � �� many exps parton model
Quasi–Elastic Good � � � bc form factors
Resonant 1π Fair �� bc Rein–Sehgal
Coherent π Poor (low E) �1/2 bc, counter several

Combining σ’s Poor � little several +
Nuclear Targets Poor �1/2 very limited variety

•  Program of systematic  
comparisons of the  
generators 

•  Note the correlation  
Between the different  
generators 

•  Spread of generators  
is not a good error  
estimate 



MINOS neutrino disappearance 
analysis … 

(c.f. J. Hartnell’s talk) 

An example use of scattering data and 
model/generators 
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AGKY model of recoil system (2008) 
• A hadronization model for few-GeV 

neutrino interactions  
 T. Yang, C. Andreopoulos, H. Gallagher, K. 

Hofmann, P. Kehayias, Eur. Phys. J. C (2009) 
63, 1 
•  Into GENIE 

• Tuned on an extensive mining of bubble 
chamber data 

• Developed to try to model the initial 
differences seen in MINOS ND NC events  
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An example of a plot  
used in their validation 

Eur. Phys. J. C (2009) 63: 1–10 7

Fig. 6 Average π0 multiplicity 〈nπ0 〉 as a function of the number of negative hadrons n− for different intervals of W . Data points are taken
from [25]

Fig. 7 Average charged-hadron multiplicity in the forward and backward hemispheres as functions of W 2: (a) νp, forward, (b) νp, backward,
(c) νn, forward, (d) νn, backward. Data points are taken from [7, 25, 26]

One consequence could be that the MC overestimates the
energetic hadrons since the hadrons in the forward hemi-
sphere of hadronic c.m.s. get more Lorentz boost than those

in the backward hemisphere when boosted to the LAB
frame. This may be caused by the way we determine the
baryon 4-momentum and preferably select events with low
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Example distribution  
(FHC, CC selected, Near Detector) 
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Example (RHC – antineutrino-tune)  
distribution after beam tuning 

J. Nelson, W&M NuFact2011 – scattering & oscillations 11 

 Energy (GeV)!Reconstructed 
0 5 10 15 20

 p
ot

18
10"

Ev
en

ts
 / 

to
n 

/ 1

0

5

10

15

20

0 5 10 15 200

5

10

15

20
Data
MC Expectation
Total Background

Near Detector
 PoT19 10"8.65 

Antineutrino Running

MINOS Preliminary

Figure 3: Reconstructed energy distribution of events selected as antineutrinos in the
Near Detector. The red histogram represents the Monte Carlo expectation with the sys-
tematic error, the blue histogram represents the total (charged and neutral current) back-
ground with the background uncertaintiy. Black points represent data.

– p.9/77



MINOS FD data by resolution bin 
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Genie/NEUGEN  
moving to more complete error estimates  
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for the MINOS 2008 disappearance analysis 
(See Gallagher 45th Karpacz School, ’09) 



Dytman, Gallagher & Kordosky 
(arXiv:0806.2119) 

• Systematic error 
estimate on the visible 
(calorimetric) shower 
energy for the MINOS 
for disappearance 
analysis 
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Figure 10: Total uncertainty from all sources (solid black). Contributions from intranuke
assumptions (blue), INTRANUKE input (dashed red), hadronization model (solid red), and
formation zone (dashed black).

16

branching ratios
parameter 1σ uncertainty (%)
π charge-exchange 50
π elastic 10
π inelastic 40
π absorption 30
π secondary π production 20
N absorption 20
N secondary π production 20
N elastic 30

cross-sections
parameter 1σ uncertainty (%)
π total cross-section 10
N total cross-section 15

Table 1: Uncertainties on intranuclear rescattering processes. The N elastic and total
cross-section terms are 100% correlated.

2. Quantify uncertainty: Once we have enumerated all of the individual sources of un-
certainty we have to quantify these uncertainties. For instance, what is the uncertainty
on the pion absorption cross section itself? For external data uncertainties these input
uncertainties are fairly straightforward to evaluate for one familiar with the external
data in question.

3. Evaluate output uncertainty: All estimates presented here were determined by
comparing the results of 4-vector simulations combined with a parametrized detector
response model. The detector response model is a parametrization of the output of full
GEANT3 simulations of the response of the MINOS detector to various particles over
a range of energies. In each case 500k events were generated in the NuMI low energy
beam. A reference sample of events was generated using NEUGEN3 v3.5.5. We then
compute the change in the estimated response for a particular model change in bins
of true shower energy. The shift in each bin is calculated as (shifted response - default
response)/(default response).

4 Uncertainty due to final state interactions

4.1 External Data

For this part of the study we have evaluated the effect of the ten sources of uncertainty listed
in Tab. 1. For this study we shifted each of these inputs by +1σ. In the case of specific
reaction cross sections, the other cross sections are scaled down in their original proportions
so that the total scattering cross section is unchanged. In each case the stated uncertainty
refers to the magnitude of the relevant branching ratio or cross-section. The underlying cross-
sections and branching ratios are energy dependent as are their uncertainties. The values

4

Black = Total uncertainty from all sources 

blue = Intranuke assumptions 

solid red = hadronization 

dashed red = Intranuke inputs 

dashed black = formation zone 



Systematics on the MINOS CC result 
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7.2 × 1020POT Fiducial 7.2 × 1020POT Fiducial+RAF
Shift Amount δ(∆m2) δ(sin2(2θ23)) δ(∆m2) δ(sin2(2θ23))

Shower Energy 1σ 0.049 0.001 0.051 0.000
Rel. Shower Energy 1.9%/1.1% 0.008 0.004 0.006 0.004

Norm. 1.6% 0.030 0.001 0.041 0.000
NC Bknd. 20% 0.008 0.008 0.005 0.009

µ Momentum 2%/3% 0.038 0.001 0.048 0.001
σν (sum in quadrature) 1σ 0.007 0.004 0.017 0.006

Beam 1σ 0.009 0.000 0.014 0.001
νµ wrong-sign 30% 0.003 0.002 0.002 0.002

RAF only 1σ - - 0.006 0.000
Total 0.071 0.010 0.085 0.012

Table 1: Current systematic errors and the shifts in best fit values of ∆m2 and sin2(2θ)

they induce. Relative shower energy is 1.9% ND, 1.1% FD. µ momentum is 2% range, 3%
curvature. Other 1σ shifts are either energy dependent or uncorrelated sums of several
errors.

– p.75/143

Includes component due to syst 
comparing gcalor pion modeling to 
test beam results – secondary 
interactions 



Piano/Harpsicord program  
•  It is not just neutrino cross sections 
• They are exposing a small detector to 

pions at TRIUMF to help better model 
secondary interactions of muons in T2K 
data [WG #2 Ikeda, yesterday] 
 MINOS had their test beam run too 

• This sort of measurement of hadron 
scattering data needed for better precision 
results in any neutrino cross section 
measurement and E recontruction 
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Muon/pion	
  ID	
  in	
  MINOS	
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•  4-­‐parameter	
  comparison	
  
–  Track	
  length	
  
–  Mean	
  energy	
  of	
  track	
  hits	
  
–  Energy	
  fluctuaKons	
  along	
  the	
  

track	
  
–  Transverse	
  track	
  profile	
  



The	
  AnK-­‐neutrino	
  Analysis	
  

Jeff	
  Hartnell,	
  NuFact	
  2011	
   18	
  

•  Essentially the neutrino 
analysis of 2008 
–  No resolution binning, shower 

estimator,  new selector 
–  Only stopped taking antineutrino 

data on March 22nd  

•  What’s different with 
antineutrinos? 
–  Lower statistics ~1/12th events 
–  Larger wrong-sign component 
–  Interactions are less hadronic 

 



Near	
  Detector	
  Data	
  

19	
  

19	
  

¨  Data/MC	
  agreement	
  
comparable	
  to	
  
neutrino	
  running	
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Electron appearance in MINOS 

• Electrons leave a compact core of 
high pulse height hits 

• Contamination 
 NC: can be mistaken for EM shower 

(e.g. if here is a π0 in the recoil or 
unlucky collection of unassociated 
depositions) 
 νµ CC: Hard to eliminate if track is 

small/embedded 
 νe CC: the 1.3% beam νe CC events 
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νµ CC 

νe CC 

NC 



MINOS 2011  
nue discriminant variable 

• The electron 
identification variable 

• MC based on tuned flux 
and GENIE 

• LHS: NC-like 
• RHS: electron-

enhanced 
• Some residual issues 

after hard cuts to 
removed background 
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Since events occur throughout the detector volume, each
event is translated to a fixed reference location before
L is evaluated. Strips far away from the event’s central
axis are combined before comparison. Additionally, li-
brary events are shifted by ±1 plane in search of a better
likelihood.

The final classifier is formed using a neural network
that takes as its inputs the reconstructed event energy
along with three variables derived from the best-match
ensemble: (1) the fraction of the 50 best-matched events
that are true νe CC events, (2) the average inelasticity
�y� of those νe CC events, and (3) the average fraction
of charge that overlaps between the input event and each
νe CC event. The resulting LEM discriminant is shown
in Fig. 1.

LEM PID

 P
O

T
19

Ev
en

ts
 / 

10

0

2000

4000

6000

8000

LEM PID

 P
O

T
19

Ev
en

ts
 / 

10

0

2000

4000

6000

8000

Data

Monte Carlo

Near Detector

LEM Discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 P
O

T
20

 1
0

!
Ev

en
ts

 / 
8.

2 

0

20

40

60

80

LEM Discriminant
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 P
O

T
20

 1
0

!
Ev

en
ts

 / 
8.

2 

0

20

40

60

80

Background

 10!Signal 

Far Detector ) = 0.113"(22sin

4
# = 23" = 0, CP$ > 0, 2

32m%

FIG. 1: [Top] Distribution of the LEM discriminant for events

in the Near Detector that pass the pre-selection requirements.

Data (points) and Monte Carlo simulation (histogram) are

shown, with the magnitude of the systematic uncertainty in-

dicated by the band. This uncertainty is highly correlated

between the ND and FD and thus cancels out to a large de-

gree when we form our FD predictions. [Bottom] Expected

background and signal distributions in the Far Detector for

sin
2
(2θ13)=0.1. The signal distribution has been multiplied

by 10 for visibility.

We form a prediction for the FD event rate, in each of

Uncertainty source
Uncertainty on

background events

Event energy scale 4.0%

ντ background 2.1%

Relative FD/ND rate 1.9%

Hadronic shower model 1.1%

All others 2.0%

Total 5.4%

TABLE I: Systematic uncertainties on the number of pre-

dicted background events in the FD in the signal region, de-

fined by LEM>0.7. The final θ13 measurement uses multiple

LEM and reconstructed energy bins and thus uses a full sys-

tematics covariance matrix. These uncertainties, which are

small compared to the statistical errors, lead to a 7.0% loss in

sensitivity to sin
2
(2θ13). The “All others” category includes

uncertainties relating to the neutrino flux, cross sections, de-

tector modeling, and background decomposition.

15 bins (specified below) of LEM discriminant and recon-
structed energy, using the corresponding rate observed in
the ND. The ND rates are first broken down into indi-
vidual background contributions, as different background
types translate differently from the ND to the FD due to
oscillations and beamline geometry. To determine the rel-
ative background contributions in the ND rates, we apply
the νe selection to ND data collected in multiple beam
configurations with differing neutrino energy spectra and
thus differing background compositions. This allows the
construction of a system of linear equations that can be
solved for the relative contributions of NC, νµ CC, and
intrinsic νe CC backgrounds in the primary low-energy
beam configuration [12]. The measured composition of
ND events, averaged over the range LEM>0.7 for recon-
structed energy between 1 and 8 GeV, is (61± 1)% NC,
(24± 1)% νµ CC, and (15± 1)% νe CC.

We convert the resulting decomposed ND rates directly
into predictions for the FD rates using a Monte Carlo
simulation. More specifically, we use the simulated ra-
tio of FD and ND rates, for each background type and
for each LEM and energy bin, as the conversion factor
for translating the measured ND rate into the FD pre-
diction. We evaluate uncertainties on these ratios using
systematically modified samples of simulated ND and FD
data. The dominant systematic effects are summarized
in Table I.

Since the ND collects negligibly few events arising from
νµ → νe or νµ → ντ oscillations, the FD rates for
these events are estimated using the simulation plus the
observed νµ CC rates in the ND. For νe CC events,
we further apply an energy- and LEM-dependent cor-
rection to the FD predictions that is derived from hy-
brid events composed of electrons from simulation and
hadronic showers from data. The hadronic showers are
obtained by removing the muon hits from cleanly iden-
tified νµ CC events [12, 24, 25], and the electromagnetic
shower simulation is verified using a pure sample of elec-



Systematics 
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Since events occur throughout the detector volume, each
event is translated to a fixed reference location before
L is evaluated. Strips far away from the event’s central
axis are combined before comparison. Additionally, li-
brary events are shifted by ±1 plane in search of a better
likelihood.

The final classifier is formed using a neural network
that takes as its inputs the reconstructed event energy
along with three variables derived from the best-match
ensemble: (1) the fraction of the 50 best-matched events
that are true νe CC events, (2) the average inelasticity
�y� of those νe CC events, and (3) the average fraction
of charge that overlaps between the input event and each
νe CC event. The resulting LEM discriminant is shown
in Fig. 1.
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FIG. 1: [Top] Distribution of the LEM discriminant for events

in the Near Detector that pass the pre-selection requirements.

Data (points) and Monte Carlo simulation (histogram) are

shown, with the magnitude of the systematic uncertainty in-

dicated by the band. This uncertainty is highly correlated

between the ND and FD and thus cancels out to a large de-

gree when we form our FD predictions. [Bottom] Expected

background and signal distributions in the Far Detector for

sin
2
(2θ13)=0.1. The signal distribution has been multiplied

by 10 for visibility.

We form a prediction for the FD event rate, in each of

Uncertainty source
Uncertainty on

background events

Event energy scale 4.0%

ντ background 2.1%

Relative FD/ND rate 1.9%

Hadronic shower model 1.1%

All others 2.0%

Total 5.4%

TABLE I: Systematic uncertainties on the number of pre-

dicted background events in the FD in the signal region, de-

fined by LEM>0.7. The final θ13 measurement uses multiple

LEM and reconstructed energy bins and thus uses a full sys-

tematics covariance matrix. These uncertainties, which are

small compared to the statistical errors, lead to a 7.0% loss in

sensitivity to sin
2
(2θ13). The “All others” category includes

uncertainties relating to the neutrino flux, cross sections, de-

tector modeling, and background decomposition.

15 bins (specified below) of LEM discriminant and recon-
structed energy, using the corresponding rate observed in
the ND. The ND rates are first broken down into indi-
vidual background contributions, as different background
types translate differently from the ND to the FD due to
oscillations and beamline geometry. To determine the rel-
ative background contributions in the ND rates, we apply
the νe selection to ND data collected in multiple beam
configurations with differing neutrino energy spectra and
thus differing background compositions. This allows the
construction of a system of linear equations that can be
solved for the relative contributions of NC, νµ CC, and
intrinsic νe CC backgrounds in the primary low-energy
beam configuration [12]. The measured composition of
ND events, averaged over the range LEM>0.7 for recon-
structed energy between 1 and 8 GeV, is (61± 1)% NC,
(24± 1)% νµ CC, and (15± 1)% νe CC.

We convert the resulting decomposed ND rates directly
into predictions for the FD rates using a Monte Carlo
simulation. More specifically, we use the simulated ra-
tio of FD and ND rates, for each background type and
for each LEM and energy bin, as the conversion factor
for translating the measured ND rate into the FD pre-
diction. We evaluate uncertainties on these ratios using
systematically modified samples of simulated ND and FD
data. The dominant systematic effects are summarized
in Table I.

Since the ND collects negligibly few events arising from
νµ → νe or νµ → ντ oscillations, the FD rates for
these events are estimated using the simulation plus the
observed νµ CC rates in the ND. For νe CC events,
we further apply an energy- and LEM-dependent cor-
rection to the FD predictions that is derived from hy-
brid events composed of electrons from simulation and
hadronic showers from data. The hadronic showers are
obtained by removing the muon hits from cleanly iden-
tified νµ CC events [12, 24, 25], and the electromagnetic
shower simulation is verified using a pure sample of elec-



FD data  
and best fit for each LEM PID bin  
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4

Event class
sin2(2θ13)
0 0.1

NC 34.1 34.1
νµ CC 6.7 6.7
νe CC 6.4 6.2
ντ CC 2.2 2.1

νµ → νe CC 0.2 19.1
Total 49.6 68.2

TABLE II: Expected FD event counts for LEM>0.7, assum-
ing θ23 =π

4 , ∆m2
32 = 2.32×10−3 eV2, and δ = 0. The first νe

line refers to the intrinsic νe component in the beam. In the
θ13=0 case, a small amount of νµ → νe oscillation occurs due
to non-zero ∆m2

21.

trons recorded by the MINOS Calibration Detector [26].
The breakdown of expected FD events is given in Ta-
ble II. An analysis of beam-off detector activity yielded
no νe candidate events, resulting in a 90% C.L. upper
limit on cosmogenic backgrounds in the primary analysis
region of 0.3 events. We find that (40.4± 2.8)% of νe CC
signal events end up in the signal region, LEM>0.7.

Most of the analysis procedures can be tested directly
on two signal-free or near-signal-free sideband samples.
First, the “muon-removed” hadronic showers described
above, before they are merged with simulated electrons,
represent a sample of NC-like events. The predicted
and observed LEM distributions in the FD agree for
this sample, with χ2/Nd.o.f.=9.7/8 using statistical errors
only. Second, FD events satisfying 0≤LEM<0.5 make
up a background-dominated sample for which we predict
370 ± 19 background events (statistical error only). We
observe 377 events, in agreement with prediction. Form-
ing the prediction for the latter sideband exercises all
aspects of the analysis up to the final signal extraction,
including the full ND decomposition procedure and the
ND-to-FD ratios derived from simulation.

In previous MINOS analyses [11, 12], the νe appear-
ance search was conducted by comparing the total num-
ber of νe candidate events in the FD to the expected
background. A similar approach applied to the present
data yields 62 events in the signal region of LEM>0.7,
with an expectation of 49.6± 7.0(stat.)± 2.7(syst.) if
θ13=0. However, we gain 12% in sensitivity by fit-
ting the FD sample’s LEM and reconstructed energy
(Ereco) distribution in 3×5 bins spanning LEM>0.6 and
1 GeV <Ereco < 8 GeV. The energy resolutions for
hadronic and electromagnetic showers at 3 GeV are 32%
and 12%, respectively [16]. Figure 2 shows the FD data
and predictions used in the fit, along with the extracted
best-fit signal.

Figure 3 shows the regions of oscillation parame-
ter space allowed by these data. For the fit, we
use a three-flavor oscillation framework [20] includ-
ing matter effects [27], and we use the Feldman-
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FIG. 2: Reconstructed energy spectra for νe CC candidate
events in the Far Detector. The black points indicate the
data with statistical error bars shown. The histogram indi-
cates the expected background (unfilled area) together with
the contribution of νµ → νe signal (hatched area) for the
best-fit value of sin2(2θ13)= 0.041.

Cousins procedure [28] to calculate the allowed re-
gions. We assume

��∆m2
32

�� =(2.32+0.12
−0.08)×10−3 eV2 [6],

∆m2
21 =(7.59+0.19

−0.21)×10−5 eV2 [1], θ23 =0.785± 0.100 [4],
and θ12 =0.60± 0.02 [1]. The influence of these oscilla-
tion parameter uncertainties is included when construct-
ing the contours.

Prior to unblinding the FD data, we planned to fit only
the LEM distribution integrated over energy. However,
the excess over background in the upper energy range
prompted the inclusion of energy information so that the
fit could weigh events appropriately when extracting θ13

constraints. If we had performed the signal extraction
over LEM bins only, the best fit and 90% C.L. upper
limit for sin2(2θ13) would each change by +0.006. A thor-
ough study of high-energy events in the signal and side-

Counting 
experiment 

Counting experiment results  
(LEM PID > 0.7) 

Observe  62 events  
Background  50 ± 7 (stat.) ± 3 (syst.)  



Some systematics from MINOS cross 
section measurements 
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A example of NC-like  
systematic in MINOS 
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A step lower in energy -> MiniBooNE 
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•  Crucial channel for νµ disappearance 
measurements 
 can bias CCQE signal if π+ lost 

27 

Charged-Current π+ 

}  First tracking of charged 
pions in a Cherenkov 
detector! 

}  Measured quantities: 

}  σ(Eν), dσ/dQ2, dσ/dTµ, dσ/dθµ, 
dσ/dTπ, dσ/dθπ, d2σ/dTµdθµ,   
d2σ/dTπdθπ (many firsts) 

Phys. Rev. D83, 052007 (2011) 

Ph.D. thesis, M. Wilking, University of Colorado 

Phys. Rev. D83, 052009 (2011) WG #2:  Louis 



•  Custom 3 Cherenkov-ring fitter  
 developed to reconstruct both µ, π0 	
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Charged-Current π0 

Ph.D. thesis, R. Nelson, University of Colorado 

Phys. Rev. D. 83, 052009 (2011)  

}  Measured quantities: 

}  σ(Eν), dσ/dQ2, dσ/dTµ, 
dσ/dpπ, dσ/dθµ, dσ/dθπ 

(many firsts) 

}  Resonant-only 
process 

γγ	



+ 

Phys. Rev. D83, 052009 (2011)  



Examples of recent data: SciBooNE 

NuFact2011 – scattering & oscillations 
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νµ CCQE Scattering 

MB: A.A. Aguilar-Arevalo, Phys. Rev. D81, 092005 (2010). 
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Can’t put it all on one plot any 
more 

New data and modeling being brought to 
address this problem 
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Comparisons to MB Double Diff’l σ	
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Nieves, Simo, & Vacas, 
arXiv:1106.5374 
 
2p, 2h effects 
 
Accounts for long range 
nuclear correlations & 
Multi-nucleon scattering 
with MA = 1.049 GeV 
 
Implications for resolution  
in QE energy reconstruction with muon 



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

Examples of recent data: SciBooNE 

NuFact2011 – scattering & oscillations 
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Saw here that “2p, 2h processes” 
significantly change overall cross 

sections 
  

A step even lower in energy  
beta beam & 2nd maximum in super beam 
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WG #1 Meloni 



In general the situation is better as 
DIS becomes dominant … 

Moving up in energy: NF & MINOS+ 
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Improved total cross section data 
(MINOS ND)  
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Ratio of cross sections  
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Could well need to know these better depending in  

nature and the machine we decide to build for CP / CPT tests  



Tau appearance … 
World’s from DONUT & OPERA 

• Examples in SK &  
present in MINOS 

•  In low energy  
super-beam  
experiments they  
are not so  
significant 

•  In neutrino  
factory or higher  
energy atmospheric  
neutrinos they  
become significant 

J. Nelson, W&M NuFact2011 – scattering & oscillations 38 

H. Gallagher 
Physics Simulations WG 

July 11, 2008 Resonance production (1 !) 

Paschos and Yu, 

Phys.Rev.D65:033002,2002 

GENIE 2.4.0 

Neugen3 - daikon 

Take difference between two models as additional systematic: 



Moving onward 
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Current landscape (<≈GeV) 
• SciBooNE and MiniBooNE mature and 

transforming our knowledge of neutrinos 
interaction physics near 1 GeV 
 Strong interplay with neutrino experiments, 

theory & electron scattering data critical 
• T2K ND-280 getting into the game  

(WG #2 Mccauley) 
• MicroBooNE coming in a couple years 

 
• Critical regime for precisions oscillations 

physics and sterile neutrino searches 
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Current landscape (<<GeV) 
• Needed for super beam experiments 

looking for 2nd peak 
• Needed for LE beta beam 
• Not currently in the world’s program  ??? 
 MicroBooNE might help ??? 
 Address low energy excess in MiniBooNe 

• Note to self: FS radiative corrections for 
e’s not in current generators 
 Will be needed for precision work 
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>1 GeV 
• MINERvA is collecting data  
 Running in NuMI low energy for next year 
 Running in NuMI medium energy during the 

NOvA 
 Good prospects, initial physics distributions 

• Proposal for a LD/LH target for precision 
studies in low-density nuclei 
 Recall He nucleus is dense 
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Why so good at high energies?  
Narrow band beams 
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LE NBB scattering experiments … 
• T2K ND280 exists and collecting data 
• NOvA is considering an off-axis fine-grain 

ND 
  SciNOvA Working Group within NOvA 

•  Costing and optimizing detector Scibar-like detector in 
front of NOvA ND & muon stack 

• Off-axis gives a 1+ GeV NBB 
 Allows detailed studies for NOvA particle ID 

development 
 NBB measurement centered above the T2K 

oscillation dip 
•  Study feed down into T2K oscillation minimum 
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Use these event generators … 
•  Scattering and oscillation experiments use the 

generators to make exclusive final states that can 
be propagated through a detector simulation 
 We need fully detailed descriptions or at least 

prescriptions to get there ourselves 
•  For interactions between theorists and 

experimenters we generally work with specific 
distributions 

•  Goal 
 The scattering experiments need to hear from theorists 

what distributions and conditions will give them the best 
ability to tune/test their models 

 Of course, we have to tell them what we can actually do 
 This has been on going  
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Moving forward ... 
•  Need precision neutrino scattering data in the energy regime of the 

experiment and on the correct targets 
  To squeeze the best sensitivity from an experiment need to have good modeling of 

the physics in the near detector  
•  More than just feel-good physics 

  This means that theory needs to be melded with event generator design to make sure 
that predictions can be turned into detailed event kinematics 

  Look forward to seeing the details of the T2K systematics analysis 
•  Ingredients for precision & discovery 
  Precise flux determination by beam component by multiple methods, e.g.  

•  Hadron production (dedicated session in WG2) 
•  Muon flux measurement 
•  Low-v/w method 
•  A chance for common goals addressed collaboratively 

  Absolute shower energy scale 
•  High quality test beams 
•  Tests of secondary scattering (general & specific to experiment) 
•  Measurements of nuclear effects / FSI 
•  Seems like a good chance for common goals addressed collaboratively 

  Tight collaboration with experimenters in the electron scattering community 
  Theory & experiment talking the same language 

•  Making sure to our data measures the same thing the theorist computed  
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