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Fermilab Accelerator Complex

Main Injector

TevatronLINAC Booster

NOvA-MINOS-MINERvA

BooNE

DUNE (proposed)

Current Neutrino Beams:
-  BNB
- NuMI
- Future: LBNE
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NuMI

120 GeV protons strike a graphite target and  hadronic cascade is created.

Pions and kaons are focused by 2 magnetic horns.

Pions and kaons decay (note, they can also interact!)

 Need to understand each step from the 
primary proton to the final neutrino

NOvA

3



06-26-2017                     Leonidas Aliaga   |   The NuMI Flux Prediction                                                      NuInt 20174

NuMI (Neutrinos at the Main Injector)
Mode time Average Power (kW) POT

Low  Energy  (LE) 2005-2012 250 1.6x1021

Medium  Energy  (ME) 2013-present 400 -> 700 1.2 x1021

Off-Axis: NOvA (14.6 mrad)

NuMI provides neutrinos for the Fermilab high intensity neutrino studies: oscillation 
parameters, cross-sections, search for exotic physics, etc. 

• ME mode is produced by moving the target position upstream and moving the horn 2 
downstream
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NOvA

Why is it so Hard to Determine the Flux?
Two Challenges:

1.  Beam focusing uncertainties (every mm matters): target longitudinal 
position, alignment, materials, etc.

To have a good a priori flux prediction we need to constrain the 
hadron production data. 

2. Hadron production uncertainties: big discrepancies between hadronic 
models.

Optimized to have small uncertainties around the peak.

In this talk I will be focused νμ signal in the LE mode at MINERvA.  

5
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Focusing Uncertainties
The small uncertainties are due to the great effort from the NuMI Beam 
group

LE Mode at MINERvA
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Understanding the Flux

Neutrino ancestry

grandparentsparents

Big discrepancies between flux 
predictions from hadronic models
Then, we need data to constrain 
the model
Wide band beam 
- Flux spectrum shows a peak at 3 GeV.
- Long energy tail up to 120 GeV.

LE Mode at MINERvA
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Understanding the Flux

Proton Projectile

Particle 
produced 

< 0.001 not shown
Eν in 0-20 GeV

<interaction>/νμ π+ produced by protons 

LE Mode at MINERvA
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MINERvA Strategy for Predicting the Flux

1. Calculate an a-priori flux

2. Use in-situ measurements

3. Package to Predict the FluX

Correcting the hadron production in the beam line    
to constrain to external hadron production data.

Accounting for every optical modeling uncertainty.

Checking our results with the low recoil event  
rates (low-nu method): flux shape measurement.

Applying an additional constraint from the 
neutrino - electron scattering events.

Develop every tool in such a way they can be used 
by any experiment at NuMI (PPFX).
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External Data? What Sort of Data is Available?
• Hadron production data at the relevant energies for NuMI (references in the 

backup slides):

p Kp
p
π

π
π

p
Kppπ

ππ

Thick Target Data

Thin Target Data

Checking the consistency with the low-nu measurement, we decided to use 
a prediction based only on thin target corrections (backup).

Inelastic/absorption
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How do We Use the Data to Correct the Models? 

We apply a weight to the neutrino yield based on the its hadronic 
interaction history.

 The cascades that lead to a neutrino are tabulated at generation: kinematics of 
the interactions and the amount of material traversed by every particle.

The correction is applied event by event at analysis time:

Two corrections are applied (data/MC):

1. Beam attenuation. 

2. Hadron production.
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1. Beam Attenuation

When the particle interacts in a volume

particle beam

r material
When the particle passes through the 
volume without interacting

particle beam

r material

Two variables are 
important here:

 The amount of material: rNAρ/A .

The σData and σMC disagreement .



06-26-2017                     Leonidas Aliaga   |   The NuMI Flux Prediction                                                      NuInt 201713

Amount of Material Traversed
 Muon neutrino parent:

References:

-  C: 6 mol/cm2 ≈ 40 cm

- Al: 1 mol/cm2 ≈ 10 cm

- He: 1 mol/cm2 ≈ 500 m

LE Mode at MINERvA
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Data - MC Comparison
 Inelastic cross section  Absorption cross section

Proton on Carbon Pion on Aluminum

Reference (Geant4): 
σabsorption = 344 mbar

Reference (Geant4): 
σabsorption = 243.2 mbar
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For thin target (NA49 for instance):

( f=Ed3σ/dp3: invariant production cross section) 

2. Hadron Production

The scale allows us to use NA49 for proton on carbon in 12-120 GeV 
(calculated with FLUKA). 

It was checked by comparing with NA61 at 31 GeV (negligible difference).
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Example: NA49 Data/MC comparison (closed circles = statistical error < 2.5%, Open 
circles = statistical error 2.5-5.0%, Crosses > 5%).

Systematic uncertainties  = 3.8% 
(added in quadrature).

- Systematics are highly 
correlated bin-to-bin.

- Systematics and statistical 
errors are considered 
uncorrelated each other.

pC -> π+X

Contours: 2.5, 10, 25, 50 
and 75 % of the pion yields.

LE Mode On-Axis

correction (D
ata/M

C
))
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If There is not Direct Data

Extending the data coverage 

Constrain pA interactions with pC adding an additional uncertainty found by 
comparing A dependence of Barton, Skubic and Eichten.

Use theoretical guidance (isospin arguments, quark counting arguments, etc.)

What if data is not available?

Guided by the agreement with other datasets: processes categorized by projectile 
and produced particle. 40% error assigned in 4 xF bins.
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• π, K and nucleons productions from pC based on data. 

• We assume large uncertainty for meson incident. 

• nucleon-A (quasi-elastics, extension from carbon to other materials, production outside 
data coverage, etc).

Average Number of Interactions
LE Mode at MINERvA NOvA ND
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The systematics is evaluated by using the “multi-universe” technique where 
each datapoint is a parameter. 

Uncertainties

The corrections are propagated to the final 
neutrino.

In each universe, each parameter has a value by random sampling from a multi-
dimensional Gaussian distribution centered on the default parameter values with 
covariances to account for the uncertainties and correlations.

Example of flux spread 
using 50 universes.

Ar
bi

tra
ry

 u
ni

ts

The resulting flux predictions are used to 
compute the variance in each neutrino 
energy bin and the covariance between bins.
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A Priori Flux Results for LE MINERvA
• MINERvA published the flux prediction for LE NuMI beam based on thin target 

data correction

Phys. Rev. D 94, 092005 (2016)
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A Priori Flux Results for NOvA Near Detector
A fully implemented a priori flux prediction in NOvA
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Conclusions 1

For MINERvA and other experiments it is crucial to have a precise measurement of the 
flux with small uncertainties. 

This work has made a new computation of the NuMI flux with reduced uncertainties and 
improved error budget accounting. 
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Conclusions 2

We developed a computational tool called "PPFX" open and free with our techniques 
that can be used to predict the a priori flux for NuMI.

-  Currently, it is also used by NOvA. 

-  It has adapted for DUNE and it is being used by the ND systematics.

It can be extended to other conventional neutrino beams.

https://cdcvs.fnal.gov/redmine/projects/ppfx
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Conclusions 3
This work also indicates where additional 
data is needed

-  π -> π at 30 GeV.

-  proton quasi-elastic cross section.

- pX->π (K)X (A not C).
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backup
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External Data References

Thin Target Data:

• Barton et Al [Phys. Rev. D 27, 2580 (1983)]

FERMILAB-THESIS-2007-76
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External Data References

Thick Target Data:

• Pion production in a spare NuMI Target. Jon Paley et Al 
(MIPP Collaboration) [Phys. Rev. D 90, 032001 (2014)]

• Pion / Kaon ratios on a spare NuMI Target. Sharon 
Seun’s thesis
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Geometrical Effects on the Beam
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Fractional Uncertainties Before PPFX
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Contours: 2.5, 10, 25, 50 and 
75 % of the pion yields.

Example: NA49 Data/MC comparison (closed circles = statistical error < 2.5%, Open 
circles = statistical error 2.5-5.0%, Crosses > 5%).

systematic uncertainties  = 3.8% 
(added in quadrature).

- Systematics are highly 
correlated bin-to-bin.

- Systematics and statistical 
errors are considered 
uncorrelated each other.

pC -> π+XAt NOvA
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General Strategy for Predicting the Flux

1. Calculate an a-priori flux

2. Use in-situ measurements

Hadron Production:  
- To rely on the MC model
- To constrain to external data.

Low-nu method: low recoil event  rates is a flux shape 
measurement.

Neutrino - electron events: gives a flux 
normalization. 

Multi-parametric Beam Fit: using data measured in 
the detector from different beam configurations.

Optical Model: accounting for every uncertainty.

…  
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Flux and Cross Section are Anti-correlated
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More on NuMI
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The NuMI Targets

Rectangular graphite rod.
Segmented in fins + beam position monitors. 
Cooled by water in pipes, and enclosed in He container 

LE ME

Cross sectional view 6.4 x 15 mm2 7.4 x 63 mm2

Segment lengths 20 mm 24 mm
Fins 47 48
Total length 960 mm (~2 λ ) 1200 mm (~2.5 λ )
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The NuMI Focusing 

A ~200 kA current is pulsed through two aluminum horns to create a toroidal 
magnetic field.
Inner conductor is 2-4 mm
Every charged particle traveling by the horns feel a pT kick.
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Thick Target Flux
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Example: MIPP NuMI Data/MC comparison (closed circles = statistical error < 2.5%, 
Open circles = statistical error 2.5-5.0%, Crosses > 5%).

systematic uncertainties  = 3.8% 
(added in quadrature).

- Systematics are highly 
correlated bin-to-bin.

- Systematics and statistical 
errors are considered 
uncorrelated each other.

pNuMI -> π+X

Contours: 2.5, 10, 25, 50 and 
75 % of the pion yields.

LE Mode On-Axis
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Advantage to use thick target data

Checking the consistency with our in-situ measurements, we decided to 
use a prediction based only on thin target corrections.



06-26-2017                     Leonidas Aliaga   |   The NuMI Flux Prediction                                                      NuInt 201742

Thick Target Data Flux
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Thin - Thick Flux Comparison
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Low-nu as a check for thin and thick fluxes
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Low-nu Basics

Phys. Rev. D 94, 112007 (2016)Minerva paper:
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Thin Target Flux vs Low-nu
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Thin Target Flux vs Low-nu
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Conclusions of Gen2 and Low-nu Comparison
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Neutrino on electron scattering for additional constraint
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Additional Constraint: neutrino on electron scattering
Neutrino scattering on electrons is a standard candle: 

- Standard electroweak theory predicts it precisely.
- Signal is a single electron moving in the beam direction. 
- The cross-section for this process is smaller than the cross-section on the 

nucleus scattering by a factor of 2000.
- Statistical limited.
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MINERvA Measurements Applied as Constraint 

Phys. Rev. D 93, 112007 (2016)

123 +- 17.0 (stats) +- 9.1 
(sys) events founded in 
MINERvA.

Observed ν-e scattering events give a constraint on the flux: we can use 
it to weight up or down the more likely or unlikely universes.  
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Effect on the LE Flux at MINERvA
Change in the central value 
after the constraint

Change in the fractional  
error after the constraint

LE Mode On-Axis
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Booster Neutrino Beam

Slides from: “Booster Neutrino Beam Flux Prediction”  
                     Zarko Pavlovic 

       Nuclear Beam and Instrumentation 2014 
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BNB (Booster Neutrino Beam)

• Running since 2002 to the present. Experiments

• MiniBooNE
• MicroBooNE
• SciBooNE
• SciBath

Past/Current

• ICARUS
• LAr1-ND

Future
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BNB (Booster Neutrino Beam)



06-26-2017                     Leonidas Aliaga   |   The NuMI Flux Prediction                                                      NuInt 201756

BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)



06-26-2017                     Leonidas Aliaga   |   The NuMI Flux Prediction                                                      NuInt 201758

BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)
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BNB (Booster Neutrino Beam)


