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Observables

• CC Low recoil observables
• CC0pi observables
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Topic: Observables. Describe how you decide what you are going to measure, and how you check 
you chose the right signal. Give the example of the CCQE recoil analysis vs CC0pi: recoil separates 
different reactions that are part of CC0pi (CCQE, 2p2h, etc.). Is that valuable? Is it only an 
irritation? N-dim vs 1-dim issues (with pion analysis or 2 track CCQE)

• Which observables are the best to measure for CCQE?

- Historically we have been measuring Q2 (model dependence?)

- Muon momentum and angle (less model dependence)

• We try to find observables that have less model dependence and are useful for 
theorists
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FIG. 13: (Color online). Flux-integrated double differential
cross section per target neutron for the νµ CCQE process.
The dark bars indicate the measured values and the surround-
ing lighter bands show the shape error. The overall normal-
ization (scale) error is 10.7%. Numerical values are provided
in Table VI in the Appendix.

simplicity, the full error matrices are not reported for all
distributions. Instead, the errors are separated into a to-
tal normalization error, which is an error on the overall
scale of the cross section, and a “shape error” which con-
tains the uncertainty that does not factor out into a scale
error. This allows for a distribution of data to be used
(e.g. in a model fit) with an overall scale error for un-
certainties that are completely correlated between bins,
together with the remaining bin-dependent shape error.

V. RESULTS AND DISCUSSION

A. CCQE flux-integrated double differential cross
section

The flux-integrated, double differential cross section
per neutron, d2σ

dTµd cos θµ
, for the νµ CCQE process is ex-

tracted as described in Section IVD and is shown in
Figure 13 for the kinematic range, −1 < cos θµ < +1,
0.2 < Tµ(GeV) < 2.0. The errors, for Tµ outside of this
range, are too large to allow a measurement. Also, bins
with low event population near or outside of the kine-
matic edge of the distribution (corresponding to large
Eν) do not allow for a measurement and are shown as
zero in the plot. The numerical values for this double
differential cross section are provided in Table VI in the
Appendix.
The flux-integrated CCQE total cross section, ob-

tained by integrating the double differential cross section
(over −1 < cos θµ < +1, 0 < Tµ(GeV) < ∞), is mea-
sured to be 9.429× 10−39 cm2. The total normalization
error on this measurement is 10.7%.
The kinematic quantities, Tµ and cos θµ, have been cor-
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FIG. 14: (Color online). Flux-integrated single differential
cross section per target neutron for the νµ CCQE process.
The measured values are shown as points with the shape
error as shaded bars. Calculations from the nuance RFG
model with different assumptions for the model parameters
are shown as histograms. Numerical values are provided in
Table IX in the Appendix.

rected for detector resolution effects only (Section IVD).
Thus, this result is the most model-independent mea-
surement of this process possible with the MiniBooNE
detector. No requirements on the nucleonic final state
are used to define this process. The neutrino flux is an
absolute prediction [19] and has not been adjusted based
on measured processes in the MiniBooNE detector.

B. Flux-integrated single differential cross section

The flux-integrated, single differential cross section per
neutron, dσ

dQ2

QE
, has also been measured and is shown

in Figure. 14. The quantity Q2
QE is defined in Eq. 2

and depends only on the (unfolded) quantities Tµ and
cos θµ. It should be noted that the efficiency for events
with Tµ < 200 MeV is not zero because of difference
between reconstructed and unfolded Tµ. The calculation
of efficiency for these (low-Q2

QE) events depends only on
the model of the detector response, not on an interaction
model and the associated uncertainty is propagated to
the reported results.
In addition to the experimental result, Figure 14 also

shows the prediction for the CCQE process from the nu-
ance simulation with three different sets of parameters
in the underlying RFG model. The predictions are ab-
solutely normalized and have been integrated over the
MiniBooNE flux. The RFG model is plotted assum-
ing both the world-averaged CCQE parameters (MA =
1.03 GeV, κ = 1.000) [9] and the CCQE parameters ex-
tracted from this analysis (MA = 1.35 GeV, κ = 1.007)
in a shape-only fit. The model using the world-averaged
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• These experiments measured the axial mass MA, pretty good agreement between the 
experiments

12

S. Zeller, IF seminar, 02/13/14 

Historical Data 
10 

Q2 (GeV2) 

•  primary aim was to measure the axial-vector form factor (MA~ 1.0 GeV) 

Miller, PRD 26, 537 (1982) 

Baker, PRD 23, 2499 (1981) 

BNL, D2 
MA=1.07 ± 0.06 GeV 

1,236 events 

ANL, D2 
MA=1.00 ± 0.05 GeV 

1,737 events 

FNAL, D2 
MA=1.05 ± 0.16 GeV 

362 events 

recognized as 
an important 

ingredient 
in the analysis 

of NCs 
so carefully  

scrutinized CC 
equivalent 

Kitagaki, PRD 28, 436 (1983) 
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from neutron E decay 

10/8/2015 M. Martini,  NuFact15 7 

from Q-deuterium CCQE and from  S electroproduction   

Quasi-Elastic Scattering (CCQE)

Baker, PRD 23, 2499 (1981) Miller, PRD 26, 537 (1982) Kitagaki, PRD 28, 436 (1983)

MA = 1.07± 0.06GeV MA = 1.00± 0.05GeV MA = 1.05± 0.16GeV

Kitagaki, PRD 28, 436 (1983)
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MINERvA Observables
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• CC low recoil neutrino and antineutrino

- Three momentum transfer q3 and energy transfer q0 (reconstructed using the 
event kinematics)

• CC0pi neutrino and antineutrino:

- Transversal momentum PT, longitudinal momentum Pz, Q2 and Eν (reconstructed 
using information from the muon kinematic)

• CC0pi neutrino (two track):

- Q2 reconstructed from proton kinematics

Neutrino AntiNeutrino

New neutron counting analysis, 
see Miranda Elkins’s poster at Nuint
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In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q
0

⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q
0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2

µ

Three-momentum transfer:

q
3

⌘ |q| =
q

Q2 + q2

0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q
0

, q
3

)
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Neutrino energy can be reconstructed using 

q0==reconstructed available energy 

Low Recoil Analysis
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Interactions involving multiple nucleons: “2p2h”
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Adapted from G. D. Megias, NuFact 2015
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From Electron Scattering Data Neutrino Scattering 3

selection and later when unfolding.
The hadronic energy is reconstructed from the summed

energy in the MINERvA detector not associated with the
muon. A Monte Carlo (MC) simulation, based on the
genie neutrino interaction generator [40] and a Geant4
simulation of the detector, is used to obtain corrections of
this summed energy to both Eavail and q0. The latter cor-
rection depends significantly on the neutrino interaction
model, especially the predicted neutron content of the
final state. The rest of the kinematics are neutrino en-
ergy E⌫ = Eµ+q0, from which we form the square of the
four-momentum transfer Q2 = 2E⌫(Eµ�pµ cos ✓µ)�M2

µ,
(Mµ is the muon mass) and the three-momentum trans-

fer q3 =
p

Q2 + q20 . Results are presented in slices of q3,
which includes a q0 model dependence diluted by muon
energy and angle contributions. The resolution of q3 is
22%, dominated by the resolution of q0.

The event selection is completed by requiring 2 < E⌫ <
6 GeV, an interval chosen to span the peak of the neu-
trino flux. A subsample is formed into six bins of q3 from
0 to 0.8 GeV for presentation of the cross section, which
for brevity are combined into two ranges of q3 when show-
ing data with reconstructed kinematics. There are 74,749
events in this data sample with average E⌫ of 3.9 GeV.

We estimate the reconstructed Eavail using just the
calorimetric sum of energy (not associated with the
muon) in the central tracker region and the electromag-
netic calorimeter region immediately downstream of the
tracker. The unrelated beam activity from data is over-
laid directly onto simulated events. The outer tracking
and calorimetric regions of the MINERvA detector are
not included; they contain activity from neutrons and
photons, but they capture more unrelated beam activity
which biases Eavail. The resulting Eavail resolution varies
from 55% to 38% for q3 from 0 to 0.8 GeV. The neu-
tron content of the genie model plays a minor role via
the Eavail resolution. Test beam constraints on calorime-
try and Birks’ suppression for MINERvA scintillator are
used to tune the simulation and set the uncertainty on
the single-particle response [41] . The detector’s simu-
lated calorimetric response to protons and pions typical
of the low-q3 sample agrees with data from the MIN-
ERvA hadron test beam experiment.

The neutrino interaction model is from GENIE 2.8.4.
The QE model uses a relativistic Fermi gas with an axial
mass parameter of 0.99 GeV. The resonance production is
from Rein-Sehgal [42] with a genie-specific non-resonant
background, and a transition to deep inelastic scattering
from W > 1.7 GeV. Events with a pion in the final state
are part of this inclusive charged-current selection, and
have been shown in previous MINERvA analyses [8, 43]
to be overestimated by genie. We use those results
to modify the prediction: the one-pion neutrino-neutron
non-resonant component is reduced by 75% [44, 45], and
the total rate of pion production with W < 1.8 GeV is
further reduced by 10%. Coherent pion production with
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FIG. 1: Reconstructed Eavail compared to the default simula-
tion for two ranges of reconstructed three momentum trans-
fer. The region between the predicted QE process (dashed
line) and the �(1232) resonance (dotted line) is filled in by
an unmodeled process. The lowest Eavail data is far below
the simulation. Data are shown with statistical uncertainty
only, which is too small to see. The absolutely normalized
simulation is shown with systematic uncertainties.

E⇡ < 450 MeV is also reduced by 50%. We refer to this
tuned simulation as the default model in this Letter.
The distribution of reconstructed Eavail is shown in

Fig. 1 and compared to the simulation. Both halves of
the q3 range show the same discrepancies: the simulation
has too many QE events and too few events in the region
between the QE and � processes.
To study detailed e↵ects of the nucleus, we construct

additional comparisons by modifying genie’s description
of the quasielastic process with the RPA e↵ect from the
calculation of Nieves et al. [28]. A two-dimensional cor-
rection in (q0, q3) is formed from the ratio of cross sections
between the model with RPA e↵ects and the model with-
out, and applied to the genie quasielastic cross section.
The RPA model does include a short range correlation ef-
fect, but we do not simulate the presence of the spectator
nucleon [46, 47] in the final state.
We also add a 2p2h process for carbon and oxygen to

the simulation, using the IFIC Valencia model [27, 30].
The cross section depends on q0, q3, and whether the nu-
cleon pair involved in the initial interaction was proton-
neutron or neutron-neutron. This calculation includes
only the QE-like (no pion in the final state) contributions,
not 2p2h1⇡ (with a pion). It also includes interactions
with � kinematics, but not higher-mass resonances.
Explicit hadron kinematics are added to the 2p2h

model using a strategy similar to that of Ref. [48], docu-
mented in detail in Ref. [49]. The nucleons have momenta
drawn from the standard genie Fermi gas distribution,
and are given one unit charge and the momentum and
energy transfer from the lepton, less 25 MeV removal en-
ergy for each nucleon. The final momentum is distributed
between the pair as in an isotropic decay in the center

q0 = Ee � E0
e

4

P (⌫↵ ! ⌫�) ⇡ 1� sin2 2✓ sin2(
�m2L

E⌫
)

Joel Mousseau 6

 Neutrinos in Nuclear Media

●One common theme of the experiments 
mentioned: they rely on large A 
materials (Fe, Ar, C, H

2
O etc.)

●Problem: nuclear effects caused by 
nucleons bound in a nucleus distort the 
measured kinematics of the neutrinos.

●Two detectors will not solve your 
problem: these effects modify the near 
and far energy spectra differently.

●Effects not well understood in neutrino 
physics. General strategy has been to 
adapt nuclear effects from electron 
scattering into neutrino scattering.

Neutrino scattering 
is 

straightforward...

...Until it's not!

E
had

• Oscillation probability depends on neutrino energy Eν
• We need to reconstruct the neutrino energy precisely

• Neutrino energy reconstruction is obtained using the final state particles of 
neutrino-nucleus interaction
• Fully active experiments reconstruct the energy using:  Eν=Elepton+hadron

• Nuclear effects modify the kinematics of the particles and the reconstruction of 
the neutrino energy 

In More Detail

q0

Phys.Rev.Lett. 116 (2016) 071802 
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• Selection:
• Events in fiducial volumen (tracker)
• Negative muon matched to MINOS
• 2<Eν<6 GeV

• Signal: Charged Current, 97% purity 
• Observables:

- There momentum transfer: 
- Energy transfer: q0 = calorimetry energy 

where neutrino energy and four momentum transfers are reconstructed using
 

• To extract the cross section, unfolding is performed using

5

In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q
0

⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q
0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2

µ

Three-momentum transfer:

q
3

⌘ |q| =
q

Q2 + q2

0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q
0

, q
3

)
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In neutrino scattering, we need to reconstruct the hadronic energy too
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Low Recoil Event Selection and Signal Definition

In neutrino scattering, we need to reconstruct the hadronic energy too

n µ

Nucleus

W(q
0
, q)

Hadrons

Energy transfer:

q
0

⌘ ⌫ = Calorimetric hadronic energy

Neutrino energy:

E⌫ = Eµ + q
0

Four-momentum transfer squared:

Q2 = 2E⌫(Eµ � pµ cos ✓µ)�M2

µ

Three-momentum transfer:

q
3

⌘ |q| =
q

Q2 + q2

0

I Produce inclusive CC ⌫µ double-di�erential cross section in (q
0

, q
3

)
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Start with an inclusive CC ⌫µ selection

I All 3.33⇥ 1020 pot of NuMI LE neutrino-mode data. Thanks AD! Thanks SCD!
I Fiducial interaction (CH tracker)
I Negative muon matched to MINOS: Thanks MINOS!
I 2 < E⌫ < 6 GeV

127,420 events, 97% purity

�•����� 32

What does calorimetric energy really mean?

p

⇡+

n

⇡0

Kinetic energy

Kinetic energy

0

Total energy

On average, we see available hadronic energy E
avail

6= q
0

:

E
avail

=
X

(Proton and ⇡± KE) + (Total E of other particles except neutrons)

��••••• 31
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• Variables e-scattering like analysis (energy transfer and three momentum transfer)

• MINERvA found a big data excess in the region where neither 2p2h nor Delta make 
big contribution, even with the improvements to the model, we don’t agree with 
data where 2p2h effects show up

• See Rik Gran’s talk for more details about low recoil analysis and a new analysis for 
antineutrino!

Selected Events Compared with GENIE+2p2h+RPA

6

Adding 2p2h events is a smaller improvement
GENIE ⇡ production modified
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Phys.Rev.Lett. 116 (2016) 071802 
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Weight only 2p2h np events: no scaling down
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• We use a 2d Gaussian in true variables (q3,q0) as a reweighting function applied to the 2p2h 
events, and fits its parameters to get the best agreement between data and MC (QE and 
RES are unchanged)

• We include 2p2h in the MC for our analysis with this reweighting  

• 2p2h events can involve an initial-state nn or np pair. For a systematic, we take extreme 
cases of only reweighting events on an nn pair, and only reweighting events on an np pair.  
We apply these weights to the CCQE analyses

Including 2p2h model

7
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• Decide what to measure:

- Observables with less model dependence as possible

8

Muon Transverse/Longitudinal Momentum vs Q2/Eν
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Examples of Measurements with different Signal definition
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The same plots, with Eroica Flux
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CCQE-like=CC0pi

CCQE

MINER‹A discriminates between nuclear models via lepton kinematics

‹µ + n æ µ≠ + p
To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a

ti
o

 t
o

 G
E

N
IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

‹̄µ + p æ µ+ + n

To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a

ti
o

 t
o

 G
E

N
IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

12

MINER‹A discriminates between nuclear models via lepton kinematics

‹µ + n æ µ≠ + p
To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

‹̄µ + p æ µ+ + n

To MINOS

)2 (GeV
QE

2Q

-2
10

-1
10 1

R
a
ti

o
 t

o
 G

E
N

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data

=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE→ Tracker ν  •A Preliminary νMINER

 < 10 GeV
ν

1.5 < E

Area Normalized

12

Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam
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CCQE Signal Definitions

• CCQE recoil analysis signal: 

• Signal is defined as an event in which the primary interaction is quasi-
elastic (regardless of the final state particles)

• Incoming (anti) neutrino energy between 1.5 and 10 GeV

• CC0pi analysis signal: 

• Signal is defined as CCQE-like, no pions in the final state

• No cut on the neutrino energy
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Minerba Betancourt

• Recoil energy region

- Sum energy deposited in the recoil region (mostly from pion and proton)

- Exclude the vertex region where low energy nucleons could come from CCQE 
events

11

Isolating CCQE Events
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Non-Vertex Recoil Energy

• The non-vertex recoil energy could separate different interaction types, for 
example

- 2p2h

- background events

- signal events

• Irritation: a recoil cut that gives high efficiency and purity when selecting or 
rejecting one category will do poorly at selecting or rejecting the others

• Some examples from the neutrino and antineutrino analyzes



Minerba Betancourt

• Muon track charge matched in MINOS as a μ+

• No additional tracks from the vertex

• Low-energy protons are allowed, but are below tracking threshold

• Signal definition: 

- QE-like: defined by particles exiting the nucleus 

- Any number of neutrons and only low-energy protons (below 120 MeV kinetic 
energy)

- No pions, heavy baryons etc

- Additional constraint: muon angle <20 degrees because of the MINERvA-MINOS 
acceptance 

CC0pi Antineutrino Event Selection and Signal Definition

13



Minerba Betancourt

• Selection requires a cut on non-vertex recoil energy vs Q2

• This cut optimizes efficiency times purity for true CCQE events

• In the case of CC0pi, poor efficiency (17%) for                                                           
accepting CC0pi events that are not CCQE

• Relaxing the cut a low Q2, efficiency improves 

14

Non-Vertex Recoil Energy (Antineutrino Measurement)

Add shelf here, 80 

Cut used for the 
old measurement

Cut used for the 
new measurement

and

Q2
QE = 2EQE

ν (Eµ − pµ cos Θµ) − m2
µ, (2)

wheremn,mp andmµ are the masses of the neutron, proton and muon, respectively, Eb is the

assumed binding energy (30 MeV for anti-neutrino scattering and 34 for neutrino scattering),

and Eµ, pµ and Θµ are the muon energy, momentum and angle with respect to the beam.

The true Q2
QE of signal events in Monte Carlo is also calculated using Equation 2 where

the energy, momentum and angle of the muon are the true quantities.

7
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• Recoil distributions for interaction types in the antineutrino analysis

15

Recoil Distributions for Antineutrino Analysis

CCQE

CC0pi non CCQE non CCQE

2p2h
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• Additional recoil energy from second neutrons (2-particle-2 holes) 

• Acceptance is smaller for 2p2h events

16

Acceptance for Anti-Neutrino Analysis

Acceptance 54% Acceptance 43%
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• Uncertainty from default 2p2h is evaluated using                                                                    
the difference between default genie+2p2h and default                                             
genie

Uncertainties

17

77/246

Systematics projected onto pT and pk

Cheryl Patrick, Northwestern University

Sources of systematic uncertainty

45

Statistical uncertainty

Background models 
✤ resonant interactions affect 

background subtraction

CCQE / 2p2h model
✤ dominated by uncertainty in 

correlation effect strength

Final-state interactions
✤ pion absorption dominates

Flux
✤ beam focusing
✤ tertiary hadron production
✤ reweight to other experiments
Muon reconstruction 
✤ muon energy scale dominates
✤ tracking efficiency
✤ muon angle and vertex position
Recoil reconstruction
✤ detector response to different 

particles - neutron dominates

Summary of systematic uncertainties 
projected onto transverse muon 

momentum

Fermilab Wine and Cheese Seminar, June 17 2016
Cheryl Patrick’s PhD thesis
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• The systematics for 2p2h is evaluated using the different initial state tunes; 2p2h np 
initial state, 2p2h not np initial state and 1p1h QE

Uncertainties

18

77/246

Systematics projected onto pT and pk

Systematics with the default 2p2h Systematics with tuned 2p2h

FIG. 17: Summary of fractional uncertainties on the final data cross section distributions
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N-dim vs 1-dim Antineutrino CCQE (CC0pi)

Detailed information with the double 
differential cross sections

Data

Simulation
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FIG. 20: Double-di↵erential quasi-elastic-like cross section vs. muon transverse momentum, in

bins of muon longitudinal momentum
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• New Selection requires a cut on non-vertex recoil energy, events above 0,5 GeV 
are removed

• Track pions and protons; select events based on particle identification

• Look for Michel electrons at later time to remove events with pi+

• Signal definition: 

- QE-like: defined by particles exiting the nucleus 

- Any number of nucleons of all energy

- No pions, heavy baryons etc

- Additional constraint: muon angle <20 degrees because of the MINERvA-MINOS 
acceptance 

CC0pi Neutrino Event Selection and Signal Definition

20
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Non-Vertex Recoil Energy (Old Neutrino Measurement)

The same plots, with Eroica Flux

5

)2 (GeV2Reconstructed Q
0 0.5 1 1.5 2N

on
-V

er
te

x 
R

ec
oi

l E
ne

rg
y 

(G
eV

)

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

 CCQEµν
 non-CCQEµν

 CCQE→ CH ν  •A Preliminary νMINER

Signal

Sideband

)2 (GeV2Reconstructed Q
0 0.5 1 1.5 2N

on
-V

er
te

x 
R

ec
oi

l E
ne

rg
y 

(G
eV

)

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

 CCQEµν
 non-CCQEµν

 CCQE→ CH ν  •A Preliminary νMINER

Signal

Sideband

)2 (GeV2Reconstructed Q
0 0.5 1 1.5 2N

on
-V

er
te

x 
R

ec
oi

l E
ne

rg
y 

(G
eV

)

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

 CCQEµν
 non-CCQEµν

 CCQE→ CH ν  •A Preliminary νMINER

Signal

Sideband

)2 (GeV2Reconstructed Q
0 0.5 1 1.5 2N

on
-V

er
te

x 
R

ec
oi

l E
ne

rg
y 

(G
eV

)

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6
1.8
2

 CCQEµν
 non-CCQEµν

 CCQE→ CH ν  •A Preliminary νMINER

Signal

Sideband

Figure 6: Non-vertex recoil energy versus reconstructed Q2 in Monte Carlo for anti-neutrino candi-
dates (above) and neutrino candidates (below) and divided based on whether the event
is signal (left) or background (right). All other cuts have been applied. We require
anti-neutrino candidates to be within the region labeled “signal”. These plots are pro-
posed for approval, made by CCQEAntiNu ScatterPlots::RecoilVsQsq(), and available
in the files isodisp vs qsq signal minerva all.eps, isodisp vs qsq signal minervanu all.eps,
isodisp vs qsq bkgd minerva all.eps, isodisp vs qsq bkgd minervanu all.eps
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Figure 6: Non-vertex recoil energy versus reconstructed Q2 in Monte Carlo for anti-neutrino candi-
dates (above) and neutrino candidates (below) and divided based on whether the event
is signal (left) or background (right). All other cuts have been applied. We require
anti-neutrino candidates to be within the region labeled “signal”. These plots are pro-
posed for approval, made by CCQEAntiNu ScatterPlots::RecoilVsQsq(), and available
in the files isodisp vs qsq signal minerva all.eps, isodisp vs qsq signal minervanu all.eps,
isodisp vs qsq bkgd minerva all.eps, isodisp vs qsq bkgd minervanu all.eps

16

• Selection requires a cut on non-vertex recoil energy vs Q2

MINER‹A discriminates between nuclear models via lepton kinematics
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MINER‹A discriminates between nuclear models via lepton kinematics
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Charged Current Quasi-Elastic Scattering
• MINERvA uses the lepton kinematics and the hadronic part of the interaction to measure the CCQE single 

differential cross section and discriminates between nuclear models !
!
!
!
!
!
!
!
!
!
!
!
!

• Data prefers a model with nucleon-nucleon correlations, this can be combined with MINIBooNE results to 
constrain the models and reduce the uncertainties for oscillation measurements!

• Underway:!
• Double differential cross section of neutrino and antineutrinos, (results this year) !
• CCQE ratios in nuclear targets using the hadronic part of the interaction !
• CCQE analyses using the medium energy NuMI beam

5

Neutrino AntiNeutrino Neutrino⌫µ + n ! µ� + p ⌫̄µ + p ! µ+ + n ⌫µ + n ! µ� + p

Minerba Betancourt/Moriond QCD 2014

Model Comparisons
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The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

Minerba Betancourt/Moriond QCD 2014

Model Comparisons

12

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

)2 (GeVQE
2Q

0 0.5 1 1.5 2

R
at

io
 to

 G
EN

IE

0.6

0.8

1

1.2

1.4

1.6

1.8

data
=0.99AGENIE RFG M

=0.99ANuWro RFG M

=1.35ANuWro RFG M

=0.99 + TEMANuWro RFG M

=0.99ANuWro SF M

 CCQE� Tracker �  !A �MINER

Area Normalized
 < 10 GeV�1.5 < E

The data most prefer an empirical model that attempts to transfer the observed enhancement in electron-nucleus 
scattering to neutrino-nucleus scattering

Antineutrino Neutrino

Phys. Rev. Lett. 111, 022502 (2013) Phys. Rev. Lett. 111, 022501 (2013)

Ratio to GENIE 
Shape Only

arXiv:1409.4497



Minerba Betancourt

• New Selection requires a cut on non-vertex recoil energy, events above 0,5 GeV 
are removed
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Hadronic Recoil

52

� Very loose cut on the untracked energy outside the vertex region.
� Sample here passes the rest of the selection.

MINERvA Preliminary
Data POT: 3.30e20
All track samples No background 

tuning applied

Non-Vertex Recoil Energy (New Neutrino Measurement)
What does MINERvA say about 

quasi-elastic processes?
� Strategy 1 – Use summed hadronic energy
Selection based on cutting out high recoil events 
constrain background using the hadronic recoil energy
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• For neutrino analysis similar efficiency for signal events and 2p2h events
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Efficiency for Neutrino Analysis
QELike and QE
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For Approval

CCQE
QELike and Resonant
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For Approval

CCResonance

QELike and 2p2h
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For Approval

QELike and DIS
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For Approval

2p2h
CCDIS
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Double Differential Cross Section
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PtP|| Cross Section
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MINERvA Preliminary Data POT: 3.30e20
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) Fermilab Wine and Cheese Seminar, March 3rd 2017
Daniel Ruterbories 

• See Dan Ruterbories’s Nuint talk for updated results from neutrino and antineutrino 
analyses
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• Q2 is reconstructed using the leading proton from the event (different from the 
muon kinematic Q2)

• Using the QE hypothesis and assuming scattering from a free nucleon at rest

• Measurement: differential cross section as a function of the proton Q2

• Proton information allows to test FSI models  

CC0pi using the Proton Kinematics
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Q2 = (M 0)2 �M2
p + 2M 0(Tp +Mp �M 0)
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Signal (CCQE-like): 
Events with one muon, no pions and at least 
one proton with momentum> 450 MeV/c

CC0pi measurement on scintillator 
Phys. Rev. D. 91, 071301, 2015 
CC0pi new measurements on Iron, lead and Carbon 
arXiv:1705.03791
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• We define a variable called unattached visible energy, which is the sum of the visible 
energy that is outside of the sphere (radius=10cm)

• Efficiency for the selected events and 2p2h events is very similar
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• The unattached visible energy is used to reject background events 

• Distributions for signal and background events 

Unattached Visible Energy vs Q2 Cut

Iron

42

 )2( GeV
QE,p
2Reconstructed Q

0 0.2 0.4 0.6 0.8 1 1.2 1.4U
na

tta
ch

ed
 V

isi
bl

e 
En

er
gy

 ( 
G

eV
 )

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
310×

CCQE-like

A PreliminaryiMINER • p -µ A Fe µi

Signal

 )2( GeV
QE,p
2Reconstructed Q

0 0.2 0.4 0.6 0.8 1 1.2 1.4U
na

tta
ch

ed
 V

isi
bl

e 
En

er
gy

 ( 
G

eV
 )

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

0

100

200

300

400

500

600

700

800

non CCQE-like

A PreliminaryiMINER • p -µ A Fe µi

Signal

Non-Vertex Recoil Energy for Two Track Events

Signal Background



Minerba Betancourt

• Observables: we try to make measurements with less model dependence as possible 

• Recoil energy separates different processes 

• The signal definition is coupled with the acceptance we have in our detectors

• We use a model for 2p2h, thanks to Valencia group!

- We tune the 2p2h model with the CCInclusive low recoil analysis and use different 
tunes to evaluate the systematic from 2p2h based on np, nn and QE initial states

• New MINERvA observables:

- Muon PT and Pz: less model dependent

- Q2 from proton: allows to test FSI simulations

- e-scattering like observables: Three momentum transfer q3 and energy transfer q0
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Summary

*

*New results at Nuint 2017:
 Dan Ruterbories (PT, PZ), Rik Grand (q3,q0) and M. Betancourt (proton Q2)


