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Introduction
● PPFX (Package to Predict Flux) is an experiment independent package for 

NuMI beamline
● Constrains the hadron production model used in the beamline simulation 

with external measurements on thin and thick targets
● Already using data from external  experiments like NA49, MIPP
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NA61 Data Used                                             Phys. Rev. D 100, 112004

● NA61 (the successor of NA49) is a fixed-target experiment at CERN 
SPS

● Measurement of multiplicities of π+ , π- , K+,  K-, proton, Kos, Λ, ⊼ in 
momentum(GeV/c) and angle (mrad) bins

● Covariance matrices for different systematics 
● Individual Errors (Statistical, Physics Model, Momentum Scale, 

Reconstruction, Fit Uncertainty, Feeddown, Normalization, Event 
Selection)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112004
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Systematic Uncertainties
● Covariance matrices for Up and Low Uncertainties

 Correlated                    Uncorrelated  

Momentum Scale          Statistical

Physics Model                Fit Uncertainties     

Fit Uncertainty

Feeddown

Reconstruction

Normalization

Event Selection

● Event Selection: Exist for Positive only
● The up and low matrices are symmetric but non identical
● We need a final Covariance Matrix
● PPFX adds uncorrelated (assign random number) and correlated uncertainties (Cholesky 

decomposition)
●

 

Plots from NA61 data
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G4HP Simulations
● Generated G4HP ntuples 

Incident particle: Pions , Target: Carbon

njobs= 500       Incident Particles: 10000000 (10M)

● Considering the interaction:  π+ + C -> π+  + X @ 60 GeV
● Multiplicity vs momentum from G4HP ntuples 
● Comparison of  NA61 data with QGSP_BERT and FTFP_BERT for  some angle 

ranges for produced pions form incident pi+ multiplicities for GEANT4 (v4.9.2.p03, 
NuMI simulation (G4NuMI)) by using G4HP
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Comparison of G4HP Simulation with NA61 Data

Phys.Rev.D 100 (2019) 112004, 2019 7

Significant difference between 
Simulations and Data
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Addition of New Reweighter
● Run Mode: Switch to choose which reweighters we want to 

use
● Introduced NA61On: NA61 and NA49 data will be used for 

weighing simulations

BothOff: Only NA49 data will be used

● Using 100 Universes in all cases

Leo’s Thesis
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Addition of New Reweighter (contd.)
● Added Uncorrelated and Correlated data to  Parameter 

Table    ppfx/uncertainties/Parameters_default.xml
● Statistical and Fit Uncertainties are Uncorrelated

Uncorrelated Parameter
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Addition of New Reweighter (contd.)
● Added the binning convention used by NA61 experiment 

ppfx/data/BINS/ThinTarget_pipC_pip_Bins.xml
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Addition of New Reweighter (contd.)
● Added a new file consisting of multiplicity value in each bin            

ppfx/data/NA61/pipC_pip_mc.xml
● cvmc has been evaluated from the G4HP simulations



Bhumika Mehta                                                                                  PPFX Group Meeting                                                                                                 11 March 2024

Addition of New Reweighter (contd.)
Added a new Reweighter driver

● New reweighter includes only π+ →π+  
interactions

●  π+ →π+  interactions were earlier included 
in Meson Incident Reweighter which 
assumes 40% uncertainty on the 
interaction

● Now this particular interaction is being 
corrected using data from NA61 
experiment
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Muon Neutrino Corrected Flux (NA49 data)
● Use of NA49 data only

● π+ + C ⟶  π+ is a part of 
Meson Interaction reweighter

● 40% uncertainty is assumed

● Whenever correction using 

NA61 data: pip -> pip, in a 
New   reweighter

NA49 data: pip->pip, 
MesonIncident reweighter
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Muon Neutrino Corrected Flux (NA61 data)
● Considering Statistical and Fit 

Uncertainties 

● Significant reduction in 
Meson Incident Contribution 
and total uncertainty

● No correlated systematics 
considered yet

● π+ ---> π+ interaction has now 
been constrained by data
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Muon neutrino corrected flux CHOL 
● Statistical, Fit as 

Uncorrelated and rest all  
errors as correlated

● CHOLESKY 
decomposition

● NO difference, 
decomposition does 
not take pla
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Covariance Matrix

● Selected the matrix with 
higher error  for each 
systematic

● Added all of them
● Symmetric matrices
● Not positive definite

16
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Decomposition of Covariance Matrix
● Replaced Cholesky decomposition by Singular Value Decomposition (SVD)
● SVD is valid for all types of matrices
● Decomposes original atrix (A) as:
●                                  A(mxn) = U(mxm)*S(mXn)*V(nxn)
● U, V are orthogonal matrices
● S is a diagonal matrix, elements are eigenvalues

17
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SVD Decomposition

18
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Muon Neutrino Corrected Flux (NA61 data)
● Considering Statistical and 

Fit Uncertainties 

● Significant reduction in 
Meson Incident 
Contribution and total 
uncertainty

● No correlated systematics 
considered yet

● π+ ---> π+ interaction has 
now been constrained by 
data
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Muon neutrino corrected flux (NA61 data) 
● Statistical, Fit as 

Uncorrelated and rest all  
errors as correlated

● SVD decomposition

● Added all uncertainties, but 
not a significant difference 
on addition
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Central value Comparison
● Noticeable difference at peak 

between central values

● Compared central values for 
different Universes, different seed, 
same in all cases (not shown here)

● Ratio is less than one, so we get 
more precise flux when we use 
more data



Bhumika Mehta                                                                                  PPFX Group Meeting                                                                                                 11 March 2024

Fit Uncertainty with other systematics
● Considering Fit Uncertainty too as a correlated systematic 
● Adding it to generate the final covariance matrix, not considering as 

uncorrelated
● The covariance matrix now becomes positive definite
● Both SVD and Cholesky decomposition are applicable



Bhumika Mehta                                                                                  PPFX Group Meeting                                                                                                 11 March 2024

Cholesky Decomposition
● Statistical uncertainty as 

uncorrelated and all 
systematics as 
uncorrelated

● As the matrix was positive 
definite, now decomposed
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Singular Value Decomposition 
● Statistical uncertainty as 

uncorrelated and all 
systematics as 
uncorrelated

● Uncertainty is lower, if we 
use SVD decomposition
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SVD Decomposition for different detectors
● PPFX is currently using MIPP data (positive definite matrices), using 

cholesky decomposition
● Can be handled by SVD decomposition as well
● Using SVD decomposition for existing MIPP data in the PPFX package
● Results for NOvA ND, MINOS and MINERvA
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Muon Neutrino Flux (NOvA)                        Cholesky

MIPP OFF MIPP ON
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Muon Neutrino Flux (NOvA)                        SVD

MIPP OFF MIPP ON
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Muon Neutrino Flux (Minerva)                     SVD

MIPP OFF MIPP ON
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Muon Neutrino Flux (Minerva)                  Cholesky

MIPP OFF MIPP ON



Bhumika Mehta                                                                                  PPFX Group Meeting                                                                                                 11 March 2024

Muon Neutrino Flux (MINOS)                    SVD

MIPP OFF MIPP ON
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Muon Neutrino Flux (MINOS)                   Cholesky

MIPP OFF MIPP ON
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Visualising NA61 data bins

Bin Centers            3 <θ< 10      10<θ< 20       10<θ< 20
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Visualising NA61 data bins
● The bins in (xF-pT) phase space have been added in the same sequence as 

given in data (p-Ө)
● If we have the values of coordinates in the (p-Ө) space we will get the 

corresponding values in  (xF-pT) phase space and the bin number 
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Summary
● Addition of data (only for  π+ + C ⟶  π+), leads to significant reduction in flux uncertainty
● The contribution from Meson Incident ~ <1% after using data from NA61
● Adding the entire dataset will further reduce the uncertainty 
● Comparing SVD and Cholesky decomposition, uncertainties are very low for SVD decomposition
● Which method should be used?

Thank you!



Back up



Leo’s Thesis
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NA61
Production cross-section (𝞼prod ):  Processes in which new hadrons are produced

𝞼tot  =  𝞼inelactic + 𝞼elastic 

𝞼inel =  𝞼prod +  𝞼qe 

Differential Production Multiplicity: Yield of particles produced per production interaction 
per unit momentum per radian in each kinematic bin k

                                                                 d2𝞼k       =            𝞼prod      d
2nk

                                                                                                             dpd𝜽                       dpd𝜽

                                                   Differential Cross section        Differential production multiplicity

                                                            

37
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Targets

New target
σx  = σy = 1.5 mm

Old target
σx  = σy = 1.4 mm
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Data from NA61 (Correlation Matrix)
Bins Particle

200 Pi+

200 Pi-

34 K+

35 K-

72 Proton

34 Ks0

21 ^

11 anti-^

607
Bin ID (Momentum X Angle)
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Impact of Number of Universes
● Considering Statistical and Fit Uncertainties

● Two different Random number generators

● Seed for random number generator:
    NA49 data: 0
    NA61 data: 300

● Number of Universes (N)
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Muon Neutrino corrected flux ( N= 100) Neutrino Flavor:   𝜈𝜇

41
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Muon Neutrino corrected flux ( N= 200) Neutrino Flavor:   𝜈𝜇

42



Bhumika Mehta                                                                                  PPFX Group Meeting                                                                                                 11 March 2024

Muon Neutrino corrected flux ( N= 400) Neutrino Flavor:   𝜈𝜇
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Muon Neutrino corrected flux ( N= 500) Neutrino Flavor:   𝜈𝜇
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Muon Neutrino corrected flux ( N= 600) Neutrino Flavor:   𝜈𝜇
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Muon Neutrino corrected flux ( N= 700) Neutrino Flavor:   𝜈𝜇

For small number of 
universes (<500), 
total error is least in 
case of 100 
Universes

For n>500, as n 
increases total error 
reduces, but 
computationally 
challenging

46
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Muon Neutrino corrected flux ( N= 100) Neutrino Flavor:   𝜈𝜇
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Muon Neutrino Corrected Flux (NA49)
● Use of NA49 data only

● Π++ C ⟶  π+ is a part of Meson 
Interaction reweighter

● 40% uncertainty is assumed
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Muon Neutrino Corrected Flux (NA61 Statistical)
● Significant reduction in Meson 

Incident Contribution and total 
uncertainty

● No systematics considered yet

● Change in other interactions (pC→π, 
absorption) unexpected

● Same Random Number Generator for 
all the reweighters in PPFX
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Targets (Stat+Fit+Systematic_SVD)

New target
σx  = σy = 1.5 mm

Old target
σx  = σy = 1.4 mm
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Targets (Stat+Fit+Systematic_Cholesky)

New target
σx  = σy = 1.5 mm

Old target
σx  = σy = 1.4 mm
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Use of Uncertainties
If we add Fit Uncertainty to Correlated

Matrix become positive definite, we 
can use both the decomposition 
methods

Fit Uncertainty is a diagonal matrix

Have submitted jobs for all the cases, 
to see the impact and compare
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Systematic Uncertainties
● Selection Uncertainties: For same kinematics, data tracks are composed 

of 5% less clusters than tracks in MC.

 MC correction by artificially decreasing number of clusters in MC tracks 
by 5%

Lead to Higher Multiplicity, upper bound of selection Uncertainty 
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SVD 

5*5 matrix from 
MIPP data

Decomposed 
matrix

Correlated 
variables:

U(S(Vt*Z))

Z: Vector of 
Random 
numbers

54
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Cholesky 
5*5 matrix from MIPP data

Decomposed matrix

Correlated variables:

U*Z

Z: Vector of Random numbers

55
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Interaction Breakdown
● Worked to get the Interaction Brakdown
● Will support existing work
● This plot is for few files only, running on 

local system, time consuming
● Will share results along with these plots

NA61
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Muon Neutrino Corrected Flux (NA61 data)
● Statistical Uncertainties only

● Correlated errors not 
considered yet


