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Abstract—The verification scheme in the package “Professor2” for setting parameters of the most used
physics generator PYTHIAS.2 for simulating the processes in high energy physics is described. The
goal is to tune the PYTHIAS.2 parameter list for the fragmentation process below b6 the production
threshold. As an initial parameter list, we use the Belle (predecessor of the Belle 11 experiment) default
parameter settings for fragmentation. For the MC pseudo-data, we use the Belle 11 software package
i.e. basf2, and generator script developed by the main author of this paper. To validate the whole
procedure, we use momentum distribution of charged pions and kaons to tune two free parameters
of the fragmentation model in PYTHIAS i.e. LUND fragmentation model. We demonstrate that the
Professor2 package is a handful to perform multi-parameter tunes simultaneously.
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1. INTRODUCTION

The tuning of the MC generators is the most important problem for modern high-energy physics [1, 2].

The Belle I1 experiment at the KEK accelerator (Japan) [3] plans to collect 50ab" data for physics research
beyond the Standard Model [4]. Such studies require not only the availability of large statistics but also an
accurate description of the MC data by generators, for adequate subtraction of background events. In this
context, the description of the background continuum plays an important role in the study of rare B meson
decays.

Before the creation of the “Professor2” [5] package in traditional methods of manual (also coarse)
adjustment, there were always problems with finding free parameters in models, especially with an
increase in the number of model parameters. The method implemented in the ‘Professor2’ package is
called parameterization-based tuning.

The approach implemented in the “Professor2” package is the parameterization of the generator
behavior using polynomials of varying degrees. Then the polynomial is fitted following the generator
responses in each bin according to the observed variable from the data array owing to changes in the com-

ponents of the P-dimensional vector of p = ( DPireees D P) parameters. The method then uses the goodness-

of-fit test for the fitted function and minimizes it. As a result, a set of the best parameters p,,., is obtained
that describes the experimental data. One of the main advantages of the “Professor2” package is its ability
to handle cross-correlations between different parameters, performing multivariate minimization in the
PYTHIA [6] parameter space (see Fig. 1), which does not apply to the aforementioned ‘manual’ and
‘coarse’ tuning methods.

This method requires a beefy computer. At the same time, the collection of the necessary statistics
for a large number of parameters may take several days, and only a few minutes, to find the best param-
eter. Then you should run the generator with a set of the best parameters and compare the simulation
results with experimental data. In the following sections, we will describe in more detail how to use the
“Professor2”.
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Fig. 1. Correlation between some Pythia8 parameters.

2. DESCRIPTION OF THE “PROFESSOR2” METHOD

The main goal of the method is to determine the correspondence function between the generated and
experimental data and then to minimize it. The following describes the steps in general and the implemen-

tation of the method for the processe” + e of annihilation into quarks, where then each of the quarks with
some probabilities turns into hadrons (the process of hadronization or fragmentation).

2. 1. Generator Response

As mentioned, there is a generator that must be run for many parameter sets. To select tuning param-
eters, the sensitivity of the parameters is checked first. For this, the parameter is shifted from its nominal
(default) value and the effect of the shift on the momentum distributions of formed particles is considered.

As an example of a sensitivity test, Fig. 2 and Fig. 3 show a two-model statistical test performed for
parameters a (StringZ: alLund) and b (StringZ: bLund), showing statistically significant (Fig. 2), not sig-
nificant (Fig. 3) the effect on the spectra of various hadrons in the final state.

The Normalized Residuals check formula is expressed as:
n;, — Np;
\/Np,\/(l - N/(N + M)A —(n +m, )/(N + M)

where p; = (n, + m;)/(N + M), n,/m, is the number of events of the i-th bin in the reference/modified
samples, N/M is the total number of events in the reference/modified samples.

(1

The method provides a polynomial match for the content of many generated bins for each set of param-
eters. The peculiarity of the approach used in this work is that the contents of the bins for the set of param-
eters are compared not with the real data from the accelerators, but with the generator responses generated
with the default parameter values. To select a generator, as mentioned above, we are interested in the frag-

mentation process in events e + e, which is studied in the Belle2 experiment at the KEK accelerator, so
it is obvious to use the Belle2: basf2 [7] environment (Fig. 4). The basis for the generation is the PYTHIAS
event generator. Fragmentation in PYHTIAS is implemented based on the LUND [8] string model and is
represented as:

@) = (1/2)(1 = 2)" exp(=bm;./7), 2)
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Fig. 2. Sensitivity test to parameters a and b for the pulse components of negatively charged pions (p,, Ry D,) respec-
tively, (a), (b), (c) and (d).
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Fig. 3. Sensitivity test to parameters a and b for the pulse components of negatively charged pions (py, p,, P, p,) respec-
tively, (a), (b), (¢) and (d).

where a and b are free parameters varying in the intervals: [0, 2] and [0.2, 2] (with default values in Belle:

0.32, 0.62), m, is the transverse mass, z is the relative energy of the hadron. The generation program is
written in Python and adapted for the environment: Belle2, basf2.

At the first step of the tuning process, one should define a set of parameters with the values of which
the spectra of various observables will be generated. For this, the “Professor2” package has a function that
allows one to generate the random values of parameters in a given range—prof2—sample (Fig. 5). This
function generates 100 (default) parameter sets with different values.

The minimum required number of parameter sets is implemented by the prof2—ncoeffs command
(Fig. 6). In our case, with 2 parameters, and, say, in a second-order polynomial, this minimum number
is 6 (in fact, in practice, much more is needed than this minimum); in this work, we took 100.

The next step is to start the generator with all the parameters obtained. In this part, we will not use
“Professor2”, but our code that allows us to generate events: ¢ + e~ — qq, foruu, dd, ss, ¢¢ quark com-
binations (continuum data). The pseudo-data to be used are saved in ROOT [9] files. After generating the

MC events, we will have 4 ROOT files (Fig. 7) for each combination of quarks, and all this is repeated
100 times (according to the number of parameter sets).
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BASF2 (Belle Analysis Software Framework 2)
Copyright(C) 2010-2018 Belle II Collaboration
Release release-04-02-09
Version release-04-02-09

BELLE2_RELEAS| release-04-02-09

BELLE2_RELEASE_DIR: Jcvnfs/belle.cern.ch/el7/releases/release-04-02-09
BELLE2_LOCAL_DIR:

BELLE2_SUBDIR: Linux_x86_64/opt

BELLE2_EXTERNALS_VERSION: v01-08-00

BELLE2_ARCH: Linux_x86_64

Default global tags: ('release-04-02-06',)

Kernel version: 3.10.0-1160.11.1.e17.x86_64

Python version: 3.6.9

ROOT version: 6.18/00

Fig. 4. Medium interface basf2.

prof2-sample -o output params.da

Fig. 5. This command will generate 100 sets and store them in the “output” file, and in the “params.dat” file the names
of the parameters and their maximum and minimum values are given.

prof2-ncoeffs 2

OVWoOoO~NOTUTARWNEO

=

Fig. 6. The minimum required number of parameter sets using the prof2—ncoeffs command are given.

ccbar.root ddbar.root ssbar.root uubar.root

Fig. 7. ROOT files.
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Fig. 8. Distribution over the x-component of the pulse obtained from the sample continuum.

2.2. “Computations”
After determining the content of all bins for each individual set of parameters, we denote the value of
the bin content as MC, ( p) (obviously, this will be a function of the parameters), the method uses a sec-
ond-order polynomial as a basis for parameterization MC, ( p):

MC, (p) = oo + B 5 + 3 1, Pl 3)

i<j
where the shifted parameter vectoris: p' = p — po. For a given polynomial form, one needs to define the

coefficients to best describe the behavior of the generator in each bin.
To check the agreement criterion, the “Professor2” computes the functional and minimizes it. The

functional xz is determined as:
(6)
S (p)-R
2 0)= T oo T R,
o A,

where R, is the reference value for the bin b, and the error A, is the total uncertainty of the reference value

for the bin b, weights m, for each O observable are also included (“observable”, physical quantities: pulse
projections, energy, ...). Thus, statistical weights can be assigned to increase (decrease) the significance of
various distributions.

3. PROCESS SETUP

Having 100 different sets of parameters, that is, 100 starts of the generator for each combination of
quarks, it is necessary to combine the samples obtained as a result of the generation of 4 combinations of
quarks to form a continuum of the sample (Fig. 8).

The next step is to obtain the distributions of momentum components (p, p, p,) for charged pions and

kaons (n',n", K", K™) from the sample continuum. These distributions are also saved in ROOT files. Each
ROOT file contains 12 different distributions in the form of histograms. As a result, there are 1200 differ-
ent histograms with different parameters.

An important note is that histograms should not contain zero bins or their weights should be zero.
Before one can find the best combinations of parameters that will describe the reference data, one must
run the command prof2—ipol.

As mentioned above, the generator starts with parameter values: a = 0.32 and b = 0.62 is used as ref-
erence data. In the final step, the prof2—tune command is run to get the specific a and b that describe the
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Fig. 9. The ratios of the bin contents of the tuned and reference samples for a positively charged pion as a function of rel-
ative energy (top) and transverse momentum (bottom).

reference data. Then the generated samples with the tuned parameters are compared with the reference
samples. The comparison shows very good agreement between the reference and tuned samples (Fig. 9),
which confirms the correctness of the procedure described in this work.

4. CONCLUSION

The main goal of this article was to verify the correctness of the “Professor2” package used for the frag-
mentation process of quarks that were produced in collisions. The achievement of this goal is demonstrated

in this work. Such verification of the Professor package has not yet been implemented for reactione” + .
The next step is to test the fragmentation model using experimental data.
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