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Overview of talk 

• Neutrino cross-sections and MINERvA  

• MINERvA - the detector design 

• The NuMI beam line - neutrinos for MINERvA 

• Data analyses in MINERvA 

• The Charged Current Inclusive analysis with neutrinos 

• The cross-sections ratio analysis on the Nuclear Targets (Iron & Lead)

•  The Charged Current Quasi-Elastic analysis with anti-neutrinos 

• MINERvA’s first cross-section measurement ! World Premier ! 

• The Charged Current Quasi-Elastic analysis with neutrinos 

• Conclusions and Outlook 
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FIG. 10. Momentum of the most energetic nucleon in the
final state. Neutrino energy is 800 MeV.
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FIG. 11. Momentum of the second most energetic nucleon in
the final state. Neutrino energy is 800 MeV.
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FIG. 12. Momentum of the second most energetic nucleon in
the final state. Neutrino energy is 1500 MeV.

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-1 -0.5  0  0.5  1

a
rb

itr
a
ry

 u
n
its

cos ("QE)

cos ("QE) distribution, (E!=800 MeV)

SM model
TEM

FIG. 13. Cosine of the angle between the most energetic
nucleon three momentum and hypothetical three momentum
of the nucleon if the interaction were CCQE and the target
nucleon at rest. Neutrino energy is 800 MeV.
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FIG. 14. Reconstructed neutrino energies for MEC interac-
tions of Eν = 1500 MeV neutrino. Contributions from two
and three nucleon ejection are also shown separately.

CCQE with the target nucleon at rest (θQE is calculated
based only on muon’s kinetic energy and production an-
gle). In experimental analyses θQE is often used to se-
lect CCQE enriched samples of events with a criterium
defined as θQE < 30o. Fig. 13 show that for neutrino en-
ergy 800 MeV the distribution is strongly forward peaked
and the nucleons ejected due to MEC mechanism seem
to mimic those which arise after genuine CCQE interac-
tion. For neutrino energy 1500 MeV the results are very
similar.

D. Energy reconstruction

Fig. 14 shows the distribution of EQE
rec obtained within

the SM model. The true neutrino energy is 1500 MeV.
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track angles can be measured, we do not have the capa-
bility to reconstruct the muon momentum for the tracks
which exit the MRD. However, this sample can provide
the normalization for the highest energy region. Hence,
this sample is also used for the neutrino interaction rate
measurement. According to the simulation, the purity
of νµ CC interaction in this sample is 97%. Impurities
mostly come from νµ CC interactions (∼ 2%). Figure 7
shows the distributions of the reconstructed muon angle
(θµ) of the MRD-penetrated muons. The expected num-
ber of events in each interaction mode is summarized in
Table V.
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FIG. 7. (color online). Distribution of reconstructed angle
of the muon candidate in the MRD-penetrated sample. The
MC prediction is based on NEUT and absolutely normalized
by the number of POT. The total and flux systematic errors
on the MC predictions are separately shown.

TABLE V. The expected number and fraction of events in
each neutrino interaction type for the MRD-penetrated sam-
ple, as estimated by NEUT and NUANCE.

Interaction NEUT NUANCE

type Events Fraction(%) Events Fraction(%)

CC QE 2428 60.0 1943 57.0

CC res. 1π 1008 24.9 976 28.6

CC coh. 1π 140 3.5 130 3.8

CC other 356 8.8 255 7.4

NC 1.5 0.04 2.3 0.07

All non-νµ 89 2.2 75 2.2

External 27 0. 7 27 0.8

Total 4049 3407

3. Efficiency Summary

Figure 8 shows the efficiency of CC events as a function
of true neutrino energy for each sub-sample, estimated
from the NEUT based MC simulation. By combining
these three samples, we can obtain fairly uniform accep-
tance for neutrinos above 0.4 GeV.
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FIG. 8. (color online). (Top) Number of CC events in the
SciBar FV as a function of true Eν , predicted by the NEUT
based simulation. The number of selected events in each sub-
sample are also shown. (Bottom) Detection efficiency as a
function of true neutrino energy for each sub-sample.

C. Data Comparison to the MC prediction

Table VI shows the number of events obtained from
data and the predictions from NEUT and NUANCE
based MC simulations. The contamination of cosmic-
ray backgrounds is estimated using the off-beam data,
and have been subtracted from the data. For the total
number of events from the three sub-samples, we find
a data/MC normalization factor of 1.08 for the NEUT
prediction, and 1.23 for the NUANCE prediction.
To compare the MC predictions with data, the neu-

trino energy(Eν) and the square of the four-momentum
transfer(Q2) are the key variables since a flux variation
is purely a function of Eν while a variation of the cross
section model typically changes the Q2 distribution. We
reconstruct these variables assuming CC-QE interaction
kinematics. The reconstructed Eν is calculated as

Erec
ν =

m2
p − (mn − EB)2 −m2

µ + 2(mn − EB)Eµ

2(mn − EB − Eµ + pµ cos θµ)
, (2)

11

TABLE VI. The number of events in each sub-sample from the data and the predictions from NEUT/NUANCE-based MC.
The numbers in parentheses show the ratio between the data and the predictions. The cosmic-ray backgrounds are estimated
from off-timing data and subtracted from the data.

Sample SciBar-stopped MRD-stopped MRD-penetrated Total

Data 13588.8 20236.4 3544.4 37369.6

NEUT 12278.3(1.11) 18426.3(1.10) 4049.0(0.88) 34753.6(1.08)

NUANCE 10841.9(1.25) 16036.2(1.26) 3407.5(1.04) 30285.6(1.23)

where mp, mn and mµ are the mass of proton, neutron
and muon, respectively, Eµ is the muon total energy, and
EB is the nuclear potential energy. The reconstructedQ2

is given by,

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ)−m2
µ. (3)

Figure 9 shows the distributions of Erec
ν and Q2

rec for
the SciBar-stopped and MRD-stopped samples. In these
plots, data points are compared with the NEUT and NU-
ANCE based MC predictions. We find that the data are
consistent with the MC predictions within the systematic
uncertainties.

V. CC INTERACTION RATE ANALYSIS

A. Method

To calculate the CC inclusive interaction rate and cross
section versus energy, we re-weight the predictions of
NEUT or NUANCE based simulations in true energy
bins by factors that are found to give the best agreement
with the kinematic distributions for data versus MC pre-
diction.
The pµ vs. θµ (pµ-θµ) distributions from the SciBar-

stopped and the MRD-stopped samples, and θµ distri-
bution from the MRD-penetrated sample are simulta-
neously used for this measurement. Figure 10 shows
the pµ-θµ distributions of the SciBar-stopped and MRD-
stopped samples, while the θµ distribution for the MRD-
penetrated sample is shown in Fig. 7. Events in the same
pµ-θµ bins but in different sub-samples are not summed
together, but treated as separate pµ-θµ bins in the anal-
ysis, and only bins with at least 5 entries are used for the
fit. The total number of pµ-θµ bins is 159; 71 from the
SciBar-stopped, 82 from the MRD-stopped and 6 from
the MRD-penetrated samples.
We define 6 rate normalization factors (f0, · · · , f5)

which represent the CC interaction rate normalized to
the MC prediction for each true energy region defined in
Table VII. The events at Eν < 0.25 GeV are not used
since these events are below our detection efficiency as
shown in Fig. 8, and also the fraction of these low energy
interactions are negligibly small (< 1%) at the BNB flux.
We calculate these rate normalization factors by compar-
ing the MC predictions to the measured CC interaction

rate. For each energy region, we generate the MC tem-
plates for the pµ-θµ distributions in each event sample;

npred
ij is the predicted number of events in the j-th pµ-θµ

bin, corresponding to energy bin i. The expected number
of events in each pµ-θµ bin, Npred

j , is calculated as

Npred
j =

Eνbins∑

i

fin
pred
ij . (4)

Figures 11 and 12 are MC templates of the pµ-θµ
distributions for the SciBar-stopped and MRD-stopped
samples. We see that there is a large contribution
in the SciBar-stopped sample of events with Eν below
0.75 GeV. Hence, this sample is essential to determine the
rate normalization factors in the low energy regions. The
pµ-θµ distributions of the MRD-stopped sample clearly
depends on Eν , up to 1.75 GeV. However, most of the
events in the MRD-stopped sample with Eν > 1.75 GeV
have small reconstructed pµ. These are events with en-
ergetic pion or proton tracks that are mis-reconstructed
as muons. Due to the weak constraint from the MRD-
stopped sample on events with Eν > 1.75 GeV, the
MRD-penetrated sample is included in the fit since about
2/3 of the events in this sample have Eν > 1.75 GeV as
shown in Fig. 13.
We find the rate normalization factors (f0, · · · , f5)

which minimize the χ2 value defined as:

χ2 =
Nbins∑

j,k

(Nobs
j −Npred

j )(Vsys+Vstat)
−1
jk (N

obs
k −Npred

k ).

(5)

Here, Nobs
j(k) and Npred

j(k) are the observed and predicted

numbers of events in the j(k)-th pµ-θµ bin, and Npred
j(k)

is a function of the rate normalization factors as shown
in Eq. (4). Vsys is the covariance matrix for systematic
uncertainties in each pµ-θµ bin, and Vstat represents the
statistical error. We have a total of 159 bins, so Vsys and
Vstat are 159× 159 dimensional matrices. The details of
evaluating Vsys are described in the following section.

B. Systematic Errors

The sources of systematic error are divided into four
categories: neutrino beam (i), neutrino interaction mod-
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Why study neutrino cross-sections ? 

• Precision neutrino oscillation parameters :  

• Cross-sections are an important systematic, precision 
measurements of them help nail precise oscillation 
parameters. 

• Oscillation measurements use dense nuclear targets for  
statistics. Understanding neutrino-induced interactions in 
nuclear media crucial.   

• Quasi-elastic interactions provide inputs for neutrino 
oscillation measurements (neutrino energy & interaction 
probability). 

• Relationships between observables (Elepton, Θlepton) and 
output are modified by nucleus. Dynamics not clear ! 

• Searches for CP violation will involve ~% level 
measurements of oscillation probabilities, both for 
neutrinos and anti-neutrinos (Schwetz et. al. JHEP 0803 
(2008) 021). 

• Relative cross-section error can affect CP sensitivity. 
3
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Why study neutrino cross-sections ? 

• Extracting nuclear effects from neutrino interactions : 

• Neutrinos are a Weak, hence unique probe of the nuclear structure.   

• Provide a complimentary and different angle when compared to electro-
production. 

• Axial form factors determined via neutrino scattering. 

• The ability of neutrinos and anti-neutrinos to taste different flavors of 
quarks can help isolate PDFs and structure functions.  

• EMC effects have been studied in detail in electron scattering experiments. 

• use neutrinos as a complimentary probe for these. 

• With theoretical input we may disentangle a challenging mix of multiple 
nuclear effects e.g. np-nh and Final State Interactions (FSI).  

4
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The MINERvA Collaboration
About 70 Nuclear and Particle physicists from 21 institutions 
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The NuMI (Neutrinos at the Main Injector) beam line !"#$%&'()*+,'%
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FLUKA 
Production 

Models

MINERvA

Also see A. Marino’s talk from Wednesday ! Neutrino Mode MC Flux

• Neutrino energy spectrum of the NuMI beam is 
tunable !  

• In the “low energy” configuration, MINERvA has 
recorded: 

• Neutrinos: 3.98x1020 Protons On Target (P.O.T.). 

• Anti-neutrinos:1.70x1020 P.O.T.   

• Plans to take data concurrently with NoνA starting 
Spring 2013. NovA plans ➛ 36x1020 P.O.T. over 6 
years. 
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MINERvA - the detector design

• Detector composed of 120 stacked modules of varying composition.  

• Finely segmented (~32 K readout channels), side ECAL & HCAL well instrumented  

• MINOS near detector acts as magnetic spectrometer ➛ muon charge and momentum 
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17 mm

16.7 mm

MINERvA - the detector design

Charge sharing for improved position 
resolution (~3 mm) and alignment

Another Module

One Module

X
V

X

U

σ = 3 mm



Jyotsna Osta
Fermilab

CIPANP, 2012
St. Petersburg, Florida

MINERvA - the detector design

• Detector composed of 120 stacked modules of varying composition.  

• Finely segmented (~32 K readout channels), side ECAL & HCAL well instrumented  

• MINOS near detector acts as magnetic spectrometer ➛ muon charge and momentum 
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Thank you to the  
MINOS collaboration for 

their co-operation in 
sharing data for these 

analyses ! 
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NUC. TARGET 1
Fiducial Mass : 

Fe: 323 kg/
Pb: 264 kg

NUC. TARGET 2
Fiducial Mass : 

Fe: 323 kg/
Pb: 266 kg

NUC. TARGET 3 
Fiducial Mass : 

C: 166 kg
Fe: 169 kg/Pb: 121 kg

NUC. TARGET 4 
Fiducial Mass : 

Pb: 228 kg

NUC. TARGET 5 
Fiducial Mass :

Fe: 161 kg/
Pb: 135 kg

WATER TARGET 
Fiducial Mass :   

625 kg H20

MINERvA contains an array of massive targets 

1 2 3 4 5

Helium Target 
Fiducial Mass : 

0.25 tons 

Today’s
 Subject:

3 & 5
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The Charged Current Inclusive 
Analysis with neutrinos 

11

* using only ~ 25% of the accumulated Protons On Target ! 
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Event Signature & Analysis Technique

• Event selection criteria :

• Single Muon track in MINERvA, well reconstructed and matched into MINOS detector.  

• Reconstructed vertex inside fiducial tracker region of detector (fiducial mass = 5.3 tons).  

• Recoil energy computed calorimetrically. 
12
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Kinematic variables from CC Inclusive Events 
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The Cross-sections Ratio Analysis 
for CC Inclusive Events on the 

Nuclear Targets   

14
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* using only ~ 25% of the accumulated Protons On Target ! 
* using only 2 out of the 5 nuclear targets !  

One(+) Track 
Plus Recoil ! 
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Event Signature & Analysis Technique 

• Event selection criteria: 

• Single Muon track, well reconstructed and matched into MINOS detector.  

• z-position of reconstructed vertex must be near nuclear target. 

• Vertex must be more than 2.5 cm away from materials partition in target.  

• Recoil energy computed calorimetrically. 
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Backgrounds & Acceptance

Begin with cross-section ratios to cancel flux and acceptance systematics.

Target

4 x Tracker 
Modules

Iron

Lead

Iron
Reference

Lead
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Backgrounds for this analysis

17
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Results - Double Ratios for the nuclear targets 
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The Charged Current Quasi Elastic 
(CCQE) Analysis with anti-neutrinos    

20

* using only ~ 16% of the accumulated Protons On Target ! 
* detector partially (55%) built during accumulation of this data
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• Event selection criteria :

• Single anti-Muon track, well reconstructed and matched into MINOS 
detector.  

• Reconstructed vertex inside fiducial tracker region of partially-built 
detector (fiducial mass = 2.6 tons).  

• Number of shower-like activity regions <= 1 (neutron may/may not 
interact).  

• Cut on recoil energy away from vertex (10 cm radius) as a function of 
Q2. 

• Reconstructed neutrino energy < 10 GeV. 
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Event Signature & Analysis Technique  
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Background estimation technique

Scale backgrounds in the recoil distributions in MC to match data.

22

POT Normalized
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Four-momentum transfer in bins of anti-neutrino energy  

23

EνQE = 2.0 - 4.0 GeVEνQE = 2.0 - 4.0 GeV

EνQE = 4.0 - 10.0 GeV EνQE = 4.0 - 10.0 GeV

High purity even 
before background 

subtraction.
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Differential cross-section (dσ/dQ2)
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N
uW

ro
: G

ol
an

, J
us

zc
za

k,
 S

ob
cz

yk
.

ar
X

iv
: 1

20
2.

41
97

 [
nu

cl
-t

h]
 



Jyotsna Osta
Fermilab

CIPANP, 2012
St. Petersburg, Florida

dσ/dQ2 Systematic Uncertainties on Data 
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The Charged Current Quasi Elastic 
(CCQE) Analysis with neutrinos    

27
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* using only ~ 25% of the accumulated Protons On Target ! 

One Track 
Plus Nothing ! 
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Event Signature & Analysis Technique  

• Event selection criteria :

• Single Muon track, well reconstructed and matched into MINOS 
detector. 

• Reconstructed vertex inside fiducial tracker region of detector 
(fiducial mass = 5.4 tons).  

• Number of shower-like activity regions <= 2. 

• Cut on recoil energy away from vertex (10 cm radius) as a function of 
Q2.  

• Reconstructed neutrino energy < 10 GeV. 
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Muon kinematics from CCQE events  
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Four-momentum transfer in bins of neutrino energy  
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Four-momentum transfer - systematic uncertainties   

31

)2 (GeVQE
2Reconstructed Q

0 0.2 0.4 0.6 0.8 1

2
Ev

en
ts

 / 
0.

02
5 

G
eV

0

0.2

0.4

0.6

0.8

1

1.2

1.4
310!

DATA
 CC QEµ"

 CC RESµ"

 CC DISµ"

other

Preliminary
POT Normalized
9.54e+19 POT

 < 10.0 GeVQE
"E

)2 (GeVQE
2Reconstructed Q

0 0.2 0.4 0.6 0.8 1

2
E

ve
nt

s 
/ 0

.0
25

 G
eV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4 Total Error
Flux_BeamFocus
Flux_NA49
Flux_Tertiary
GENIE
Norm. Corrections
Muon_Energy

 = 2.0 - 4.0 GeVQE
!E

)2 (GeVQE
2Reconstructed Q

0 0.2 0.4 0.6 0.8 1

2
E

ve
nt

s 
/ 0

.0
25

 G
eV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
Total Error
Flux_BeamFocus
Flux_NA49
Flux_Tertiary
GENIE
Norm. Corrections
Muon_Energy

 = 4.0 - 10.0 GeVQE
!E



Jyotsna Osta
Fermilab

CIPANP, 2012
St. Petersburg, Florida

Conclusions and Outlook 

• MINERvA has gotten off to a good start via its first Physics analyses results  

• First iteration for these analyses are almost complete. Future iterations involve re-
optimizations, reductions of systematic uncertainties. 

• Analyze with more data (next anti-neutrino data set is for complete detector).     

• Initiate a virtuous loop by providing feedback to theoretical community. 

• Better theoretical models for neutrino interactions expected from the first round of 
MINERvA analyses, will be used broadly. 

• A large array of MINERvA analyses are currently in the offing : 

• CC quasi-elastic where proton is tracked (higher Q2). 

• Electromagnetic final states.  

• Pion production channels.   

• Look at vertex activity in CC quasi-elastic analyses - np-nh models.   

• So this is only the beginning - stay tuned and glued to http://minerva.fnal.gov  ! 
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Thank you for your time ! 

33



Jyotsna Osta
Fermilab

CIPANP, 2012
St. Petersburg, Florida34

BACKUP SLIDES 
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NuMI Low Energy Flux 

35
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Here is where MINERvA steps in ! 

• MINERvA sits in a very intense neutrino beam - 

• Will provide exclusive and inclusive cross-sections across a wide range of neutrino energies 
(1-20 GeV) and Q2.  

• Fine-grained detector - 

• Study the underlying mechanisms of the quasi-elastic process for this range, measure its A-
dependence so that results are consistent across experiments.  

• Understanding the energy reconstruction and kinematics will provide insight into some 
of the outstanding issues in the understanding of this process. 

• Possesses a suite of nuclear targets -    

• Probe EMC-effects with neutrino as a probe. 

• Measure muon + n nucleon effects off of different nuclear targets (e.g. He, H20, C, Fe, Pb) in 
the same beam conditions, thus minimizing flux uncertainties.  

• Sensitive detector -   

•  Exclusive cross-section measurements will shed light on the final state interaction models. 
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Measuring the flux in MINERvA - very important 

• Flux determination : Leveraging existing hadron 
production data from NA49 (hadron prod. expt.) 

• Use NA49 data to tune hadron production 
model predictions at the NuMI target 

• Use these tunings to re-weight flux.  

• NA49: 158 GeV/c protons on thin target.  

• NuMI: 120 GeV/c protons on thick target (~2λint).  

• Re-interactions are a 20-30% effect. 

• NuMI pions in the focussing peak have xF ranging 
from 0 - 0.15.  
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CC Inclusive Neutrino Vertex & Lepton Angles
Area Normalized & Statistical Uncertainties Only
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What are we measuring here ? 

• MINERvA’s advantage : this analysis minimizes flux uncertainties since all the  targets sit in the same beam !
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We’re measuring a double ratio of cross-sections here ! 

• Plastic cross-sections are the same  

•   Assuming that flux is the same for all the targets 

• Bin sizes of the variable are the same 

• Target mass in MINERvA is known rather precisely (~2%) 
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Background estimation technique 

Speciality of this technique: background estimates are derived from Data, not from Monte Carlo predictions of cross-sections
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Kinematic variables for ν-induced CCQE events
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Side Band Plots - for background adjustment 

• Substantial bleed-in from Resonance channel. 

• Currently in the process of understanding these, then tune backgrounds using this info. 
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Kinematic variables for ν-induced CCQE events 

• MINERvA has made tremendous progress in realizing its Physics goals. 

• The CCQE anti-nu analysis is very near completion. It has a comprehensive (and impressive) list of systematic 
uncertainties. 

• Future work on decreasing neutron response systematic. 

• First high statistics analysis on anti-nu cross-sections. Will turn into MINERvA’s first Physics result soon ! 

• The CCQE neutrino analysis is also near completion ! Provides a different and complimentary angle for 
studying CCQE processes. 

• Developing a robust background estimation technique at present, then cross-section extraction.   

• This analysis will make a mark, both by itself and when compared and contrasted to the anti-nu results ! 

• The nuclear targets ratio analysis is the very first important step in MINERvA’s attempt to probe nuclear 
effects and their A dependence. Analysis minimizes flux uncertainties, ratios minimize systematics. 

• Analysis is limited in statistics now. Will make its first ratio measurements public very soon !

• Expand it to other targets, extract absolute cross-sections in near future !  

• The CC Inclusive analysis is the basis for all analyses in MINERvA. It provides the basic understanding of 
neutrino interactions in matter, valuable cross-checks and reference points. 

• Work on acceptance corrections, then extract cross-sections in terms of generated kinematic quantities.   

• Cross-section results from this analysis coming soon ! 
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Purity of Q2 for CCQE anti-nu events 
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For future round of analyses :  
Muon reco uncertainties : 

Data studies of muons reaching MINOS
Adding muons that range out in MINERvA 

Hadronic uncertainties : 
Test beam data studies  

Reductions in Systematics for future  


