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This Course

Objectives for today:

 Become familiar with the ROOT toolkit
 Be able to use the ROOT Python interface
* Learn about SWAN and Jupyter notebooks
* Plot and analyse data

* Perform basic I/O operations

Format:
* Slides treating the most important concepts
* Hands on exercises proposed during the exposition



This Tutorial s

These slides are supported by the “ROOT Primer”

e Introductory booklet (~60 pages)

e Available on the ROOT website (htmI, epub, pdf): https://root.cern.ch/guides/primer

 Code examples can be visualised with the Jupyter Notebooks available at:
http://swan.web.cern.ch/content/root-primer

e Signaled with name and the sign: ‘ followed by the notebook’s name

Two release series of ROOT are available: ROOT5 and ROOT6
This lecture refers to ROOT6, version 6.08



https://root.cern.ch/guides/primer
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How Can | Run ROOT?

You can choose between three options:

1.

Local ROOT installation
https://root.cern.ch/downloading-root

SWAN

* Noinstallation needed: only a web browser

* Preparation: log into CERNBox at https://cernbox.cern.ch
*  Access SWAN service at https://swan.cern.ch

ROOT Virtual Machine (for training course)

e  https://github.com/root-mirror/training



https://root.cern.ch/downloading-root
https://cernbox.cern.ch/
https://cernbox.cern.ch/
https://swan.cern.ch/
https://github.com/root-mirror/training
https://github.com/root-mirror/training

“Quick Tour” Of ROOT




ROOT: Open Source Project

ROQT is an open source project started at CERN in 1995

e Available under the GNU LGPL license

¢ 5-10 full time developers at CERN plus 1 at Fermilab (Chicago)

e Many contributors from high energy physics experiments which uses
ROOT as base for their software frameworks.

e Large number of part-time developers.

e Several thousands of users (not only form High Energy physics
community) giving feedback and a very long list of small contributions.



What can you do with ROOT?

LHC collision in CMS:
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ROOT in a Nutshell

ROOT is a software toolkit which provides building blocks for:
e Data processing

e Data analysis An Open Source Project
e Data visualisation All contributions are warmly
« Data storage welcome! Wf
ROOT is written mainly in C++ (C++11 standard) C""" 'g

e Bindings for Python are provided.

Adopted in High Energy Physics and other sciences (but also industry)
« ~250 PetaBytes of data in ROOT format on the LHC Computing Grid
e Fits and parameters’ estimations for discoveries (e.g. the Higgs)

» Thousands of ROOT plots in scientific publications



ROOT in a Nutshell

ROOT can be seen as a collection of building blocks for various activities, like:

e Data analysis: histograms, graphs, trees

« 1/O: row-wise, column-wise storage of any C++ object

« Statistical tools (RooFit/RooStats): rich modeling and statistical inference

» Math: non trivial functions (e.g. Erf, Bessel), optimised math functions (VDT)
o C++interpretation: fully C++11 compliant

« Multivariate Analysis (TMVA): e.g. Boosted decision trees, neural networks
 Advanced graphics (2D, 3D, event display).

 PROOF: parallel analysis facility

e And more: HTTP servering, JavaScript visualisation.



ROOT Application Domains

A selection of the
experiments
adopting ROOT

Event Filtering

Offline Processing Event

Selection,

Further statistical

processing,

Reconstruction skimming

_ Y
Analysis

Formats

Data Storage: Local, Network

treatment ...
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Higgs boson discovery

On July 4t 2012, the plots presented by

the ATLAS and CMS collaborations
where all produced with ROOT !
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Interpreter o

ROOT has a built-in interpreter : CLING
o C++ interpretation: highly non trivial and not foreseen by the language !
e One of its kind: Just In Time (JIT) compilation

e A C++interactive shell. —
oot [0]3* 3

(constint)9

Can interpret “macros” (non compiled programs)
* Rapid prototyping possible

ROOT provides also Python bindings:
e Can use Python interpreter directly after a simple import ROOT
e Possible to “mix” the two languages (see more in the following slides)

12



Persistency (1/0)

ROOT offers the possibility to write C++ objects into files
* This is impossible with C++ alone.
* Used the LHC detectors to write several petabytes per year.

Achieved with serialization of the objects using the reflection capabilities, ultimately
provided by the interpreter

* Raw and column-wise streaming

As simple as this for ROOT objects: one method - TObject::Write

Cornerstone for storage
of experimental data
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ROOT Math/Stats Libraries -

ROOT provides a reach set of mathematical libraries and tools needed for sophisticated
statistical data analysis

( Fitting and Minimization

High Level Analysis Libraries

w \ =
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Histograms

Analysis result: often a histogram
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Analysis result: often a FIT of a histogram
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Machine Learning: TMVA

TMVA (Toolkit for Multi-Variate data Analysis in ROOT)

* provides several built-in ML methods including

* Boosted decision trees for i
* Deep Neural Network |
* SupportVector Machine b

1500

 and interfaces to external tools

* scikit-learn, R, Keras (Theano) - fesssiuamaiaiss,

Clpssifier, SWV [t wemwl Cul, -;a'vr.»-l.'» 0en)

ITMVA
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Graphics In ROOT

Many formats for data analysis, and not only, plots
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2D Graphics

New functionalities added at every new
release

Always requests for new style of plots

Can save graphics in many formats: ps, pdf,
svg, jpeg, Lalex, png, c, root ...
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3D Graphics




2 Variables Techniques: Histograms

Bar charts and lines are a
common way to represent 1D
histograms.

Pie charts can be also used to
visualize 1D histograms.
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2 Variables Techniques: Errors

Visualization of Variables with Errors (1D Histograms and Graphs)

Errors can be represented
as bars, band, rectangles.
They can be symmetric,
asymmetric or bent.
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2 Variables Techniques: Graphs

= ‘ 2 1 I
== 1
] \"‘ T : Graphs can be drawn as simple
N B lines, like functions.
AT Tl [—p— Can also visualize exclusion zones.
. e 2 Can be plotted in polar
e e - .. coordinates.
"-, ) .. l- "
-/ i
"/
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3 Variables Techniques in 2D

Visualization of 3 variables data sets
(TH2, TGraph2D) in 2 dimensions.

Two variables are mapped on the Xand Y

axis and the 3rd one on some graphical
attributes:

* the color or the size of a box,;
* a density of points (scatter plot);
* writing the value of the bin content.

* Using contour plots. Some special
projections (like Aitoff) are available to _
display such contours. |
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3 Variables Techniques in 3D

oannrid

Lego and surface plots are a common
way to display 3 variables data sets in
3D.

They can be combined with color or light
effects and displayed in non Cartesian
coordinate systems like polar, cylindrical
or spherical.
26



4 Variables Techniques

4 variables data set representations (e.g. TH3, TF3)

Rectangles become boxes or spheres, contour plots become iso-surfaces. The scatter
plots (density plots) are drawn in boxes instead of rectangles. The 4th variable can
also be mapped on colors. The use of OpenGL allows to enhance the plots’ quality and
the interactivity.
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N Variables Techniques
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e The parallel coordinates (top) : :
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* The spider plot (top right). ai | domkdlS0 LN
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Other ROOT Features

P LA YRR

Geometry Toolkit

* Represent geometries as complex as LHC detectors

Event Display (EVE)

* Visualise particles collisions within detectors

Multiproc

* Parallel shared-memory Map-Reduce

PROOF: Parallel ROOT Facility

* Multi-process approach to parallelism

* Asystem to run ROOT queries in parallelona | _FReessshema
number of distributed computers o B T R

 Proof-lite: does not need a farm, uses all the = | :

on a desktop machine |
=8

et e e e 29



JavaScript Visualization

 ROOT supports also
visualization using
Javascript
* Interactive ROOT
graphics display in a
Web browser
* available in SWAN
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The SWAN Service

Data analysis with ROOT “as a service”

Interface: Jupyter Notebooks Jupyter

\

Goals:

* Use ROOT only with a web browser

— Platform independent ROOT-based data analysis
— Calculations, input and results “in the Cloud”

* Allow easy sharing of scientific results: plots, data, code
— Through CERNBox

* Simplify teaching of data processing and programming

http://swan.cern.ch
31
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A Few Q/A 3

? What could be the advantage of learning this software technology ?
I'1. You have all the tools to process, store, analyse and visualise data in
one single kit.

I'2. You join a huge users’ community, and a very supportive team of
core developers

? Why C++ and not a scripting language ?
I Performance. Support for languages like Python

? Why prompt and libraries instead of a GUI ?
I'ROOT is a programming framework, not an office suite.
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C++ From 10.000 Km
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C++ From 10.000 Km

Compiled, strongly typed language, allows to get the best performance from the
hardware

e Allows object orientation

e Generic programming: Templates

» Explicit memory management (pointers)

RIARNESTRECINSTRI?

Main language of HEP (together with Python)
e Inthe 90s nearly all legacy FORTRAN HEP code has been migrated to C++

» Reduce costs of management of large codebases (millions of lines of code)
« Allow groups of hundreds of active developers

35



Some Useful Terms

* A “class” is an entity which encapsulate “data” and “actions” on it

 The “data” is represented by the data members (“variables of the class”)

 The “actions” are expressed by the class methods (“functions of the class”)

* One calls/invokes a method which can have zero or more arguments

 An object is an instance of a class

 An object is created by a special method, the constructor. There can be more than

one constructor, e.g.:

*  THIF histo = TH1F(); // default constructor
e THIF histo = TH1F(“histName”, “HistTitle”, 64, 0, 64); // with params

Note: the language is somehow approximate but certainly ok for this lecture
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The dot and arrow operators are used to access methods and members
of objects and pointers to objects

* Dot: to access methods and members of objects

* Arrow: to access methods and members of pointers to objects
Example:

MyClass myClassInstance(“myName”);
myClassInstance.GetName();

MyClass *myClassInstancePtr = new MyClass (“myName”);
myClassInstancePtr->GetName();

Note: the language is somehow approximate but certainly ok for this lecture
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e Python is a general-purpose programming language

easy to understand and it is fun to use it
very flexible (dynamically typed language)

very large community using it (one of th emost used
languages and lots of libraries available)

e in particular in the big data and machine learning
community

not easy to maintain
slow (it is a dynamically typed language)
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Python Interactive shell

% python
Python 2.7.10 (default, Jul 30 2016, 19:40:32)
[GCC 4.2.1 Compatible Apple LLVM 8.0.0 (clang-800.0.34)] on darwin

Type "help", "copyright", "credits" or "license" for more information.

>>>

You can type things directly into a running Python session
>>> 2+3%4

14

>>> name = "Andrew"

>>> name

'‘Andrew'

>>> print "Hello", name

Hello Andrew

>>>
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ROOT Interface to Phython : PyRQOT

* ROQOT offers the possibility to interface to Python via a set of bindings
called PyROOT
* Mix the power of C++ (compiled libraries) and flexibility of Python
e Killer application: JIT of C++ code from within Python
* Real mix of the two languages
* See Primer’s section 8 for more details

Entry point to use ROOT from within Python:
import ROOT

All classes you now know can be accessed like ROOT.TH1D, ROOT.TGraph, ...
hi = ROOT.TH1D(*“h1”,”h1”,100,-3,3)
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ROOT Basics

* Interactive ROOT Section
 we will work in Jupyter notebooks in SWAN
 ROOQOT as a Calculator
 ROOQOT as Function Plotter
* Plotting Measurements
* Histograms
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Let’s Fire Up ROOT




The ROOT Prompt

C++ is a compiled language

A compiler is used to translate source code into machine instructions

ROOT provides a C++ interpreter

Interactive C++, without the need of a compiler, like Python, Ruby, Haskell ...
Allows reflection (inspect at runtime layout of classes)
|s started with the command:

root

The interactive shell is also called “ROOT prompt” or “ROOT interactive prompt”
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ROOT As a Calculator s

ROOT interactive prompt can be used as an advanced calculator !

root [0] 1+1

(int)2 ROOT allows not only to type in C++ statements,
root [1] 2*(4+2)/12. but also advanced mathematical functions,
(double) 1.00000 which live in the TMath namespace.

root [2] sqrt(3.)
(double) 1.73205
root [3] 1 > 2
(bool) false

root [4] TMath::Pi()
(Double t) 3.14159

root [5] TMath::Erf(.2)
(Double t) ©.222703

ROOT Summer Student Tutorial 2016 44



ROOT As a Calculator++ s

root [6] double x=.5
(double) 5.00000

Here we make a step forward.

We Declare variables and used a for root [7] int N=30
control structure. (int) 30

root [8] double gs=0
Tab-completion is available. Try it. (double) ©.00000

root [9] for (int i=0;i<N;++i) gs += TMath::Power(x,i)
root [10] TMath::Abs(gs - (1-TMath::Power(x,N-1))/(1-x))

(Double t) 1.862645e-09

ROOT Summer Student Tutorial 2016 45



Interlude: Controlling ROOT s

Special commands which are not C++ can be typed at the prompt, they start with a

root [1] .<command>

For example:

 To quit root use .q

e Toissue ashell command use .!<OS command>

e Toload a macro use .L <file_name> (see following slides about macros)
e _.helpor.? gives the full list

oy

46



Prelude:
The “Notebook”



The Notebook

A web-based interactive computing interface and platform
that combines code, equations, text and visualisations.

QA \) Many supported languages: Python, Haskell,
' ‘ Julia, R ... One generally speaks about a
J u the f “kernel” for a specific language

In a nutshell: an “interactive shell opened within the

»
browser Also called:

“Jupyter Notebook” or “IPython Notebook”
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http://www.jupyter.org
http://www.jupyter.org

C | Q sus TE O s Nad ® =
@CERNBQ)( Tarmihél  Convo Panel  Logout

In a browser
Seectitems ¢ peﬂon'n acticns on them,

: Uplbad New~ <
| A Choice of —
| Kernels To Fle

Fles Rurnng  Clustars

. Folder
(O PresentationNotebooks
Termnal
[ cembox
& HowTo_ROOT-Notabooks. pynb Hotskooks ing
Python 2
& HowTo_RCOT-Notebooks_Long.ipyrb
Python 3
& My Firct Notebook.ipynb ROOT Prompt

& Untitied.pynb

Kernels are processes that run interactive code in a particular programming language and
return output to the user. Kernels also respond to tab completion and introspection requests.



© QU Swcs THO s Nad w =

Notebook Functionalities A/ Control Parel  Logeut

=ile Edit View Insert Cell Karrel Help

2 4+ x @B 4% b B C cCode +| Cel Toobar: Nene

Welcome to the Notebook
Technology

o0
Thie ie a markdown cell. You can adc LaTex code: 3, Je(a)?

Text and
Formulas
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LN J -~

L T C | Q Suc T O S Nad A =

(18 @I8Jl Notebook Functionalities [ Control Parel  Logeut
~ile Edit View Insert Cell Karrel Help Pythor 2 O
2+ x @0 44 p B C Coe +| Cel Toobar: Nene |

Welcome to the Notebook
Technology

o0
Thie ie a markdown cell. You can adc LaTex code: 3, Je(a)[?

In [1): def thisFunction():
return 42
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rowe

L eeabost St e (L T 8 na S - w =

[/ 12[@]8)f Notebook Functionalities A Control Parel  Logeut

~ile Eait View Insert Cell Karrel Help Pythor 2 O

2+ x @0 44 p B C Coe +| Cel Toobar: Nene 9

Welcome to the Notebook
Technology

o0
Thie ie a markdown cell. You can adc LaTex code: 3, Je(a)?

In [1]): def thisFunction():
return 42
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In [1]:

In [2]:

out[2]):

In (3):

def thisFunction():
return 42

thisFunction|)

42

$8bash

curl rcotaasdemo.web.cern.ch/rootaasceno/SaasFee. jpg \
> SF.jpg

> We can invoke commands in the shell...

Shell Commands
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In [1]): def thisFunction():
return 42

In [2]): thisFunction|)
out[2]): 42
In [3): %%bash

curl rcotaasdemo.web.cern.ch/rootaasceno/SaasFee. jpg \
> SF.jpg

% Total % Received % Xferd Averace Speed Time
Time T-me Current
Dlnad Upload Total

Spent Left Speed
100 128k 100 128k 0 0 2731k 0 ~=pg==g=-
—3-—3—— ——3-—i—— 2787k

—> ... And capture their output

Shell Commands
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In [1]:

In [2]:

Oout(2]):

In [3):

In [4]:

def thisFunction():
return 42

thisFunction|)

42
$8bash
curl rcotaasdemo.web.cern.ch/rootaasceno/SaasFee. jpg \
> SF.jpg
% Total % Received % Xferd Averace Speed Time
Time T-me Current
Dlnad Upload Total
Spent Left Speed
100 128k 100 128k 0 0 2731k 0 —=g==g=-
——3-—3— ——3-—i—— 2787k
from IPython.display import Image

Inage(filename=". /SF.jpg" ,width=225)
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Notebooks: Summary

* Working in a browser. No need to download any
software

* Capable of executing code step by step

* Display of text and formulae (using Mardown )

* Possible to run operating system commands (e.g.
shell commands)
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ROOT Integration With Notebooks

Full integration of ROOT with Jupyter Notebooks

“import ROOT": only action required to activate all goodies!

A C++ Kernel LW,

Inlining of plots as iImages or JavaScript interactive graphics

Magics to JIT or compile C++ code for acceleration RO O—I—
* Immediately usable in Python!

Dalz Analysis Framework

Tab completion for name and methods of classes known to ROOT

Capturing of output from C++ libraries
“Like before, but better”

57



ROOT - TMVA Integration

Full integration of ROOT
Machine Learning package (TMVA)

with Jupyter Notebooks
* Enhanced JSROOT plots
* Interactive training

* neural network and
decision tree visualization
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SWAN __

* go to swan.cern.ch

Ga to my Notebooks
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http://swan.cern.ch

Starting SWAN

make sure to have selected

the development version . .
P SWAN Customisation

Spochy e parametars that wil b uzed to contoatudl oz the comtainar which k2 created or you, Soc the ooline
SIWAN gairde Tor more Catala,

“

Salftwarm stack ow
Devclopment Elcedng Edge (might oo urstania)

Platfoem mam

“

XEG_E4 sk gozdh ot

Enviranmaent scriipt < crw

wg. 3CERNSOX HOMEMLYSWANysorp

Number of cares miow.

L e
A

click here to start

a“
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Starting a Terminal in SWAN

After login cernbox home directory will be visible

o
Start a terminal window
(> Ouci ot | o
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Downloading the Notebooks

 After starting the terminal, download the
notebooks.

* Download from my Web page using wget:
wget http://www.cern.ch/moneta/Sanofi_notebooks.tar.gz

bavh-4,1% wget -nv httpr//www.comn.oh/noneta/Sanofi_potebooks.tar.gs
2017-03-0& 22:09:15 URL:hotp://aoneca.web.cesn.ch/moneta/Sancfi_notebooks.tar.gz [166T41/166741) -» “fano
sagh-4,.1%

tar -zxvf Sanofi_notebooks.tar.gz
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http://www.cern.ch/moneta/Sanofi_notebooks.tar.gz

Starting a Notebook

* After downloaded and extracted the notebooks, go
back to SWAN home page and select the desired
notebook

Fies Avring Clusters
Salscr iters 10 parlom actions on tham Jologd  New - g
« W / Sanofi / notebooks 1
c.
& FillHistagram_Svample_pry.ipmhb
{ & Vacrol _pyipgy b)

& gcro2_pyvipyrb

& acrmd_pvipyrb
& Wwligrapn peipyrk
& THStc pyIpvnb

& TTreedccess Sxample py pynb



Starting a Notebook

d‘> Macro1_py imsteseved)

[ Hin Fcit Varw reor

Lcdl Karmod Hodp )

3]

+ w @éd 0+ ¥

™ [1]:

In [2]:

In (3]

W B C Cole v o CellToclbar

Building a Graph with Errors

A

Caonteod Fered

Logout

In thiz exanple we will Build & graph with amors dissay #and sava a2 0 mase

import ROOT

Welcome to JupyROOT €.03,01

import array

Firs! deokre the viues and the grrors on the Y aois, We need for this W wse e waray object of Python wnd we carmol yse ¢ recily the Built-an st

x_vals
Yy vals
X_erss
y Arrs

array.arrav('a’,
Array.arreay('d',
arcay.azcey('c’,
array.array{'c’',

n_polnts = len(x_vals)

[Lode2od,2,8,7,49,5,.0]]

[6,12,14 20,2%,24,35,45,44,53))
len(x_vals|+[0])
[9,5,4.7,4.5,4.2,5.1,2.9,4.1,4.8,5.51])



Creating a new Notebook

(1ha ) Centrdl Pare _ogout

Select New
Rias Running Clustess
Sedart Harrs ta patom sclinre on tham, ob.nc
- ® / Sawh / notcbooks 1 Tex: File
Foldar
I
Teerringd
& FllHslogran_Exsmgle_pyipsrs
§IERPN
B Macro! _pydoynk ( ohon 2 ]
thon
& Moz _pyipynl: K
& wacrod_prysynt: ROOT Cvy

£ Mulligrap_pvipyrb

Select Python 2 as Kernel
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Creating a new Notebook

Click to set a notebook name

- 4
@ Untitled jus: Chicesport: 2 minues ago muwosans) @ CowiPesd  Logedt

Ml Edit e Irsert ool Kame M Ptwon2 Q

B o+ = MM B 4+ ¢ N B C Cok P& CullToolbar

Insert code or text
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Exercise
-

For x values of 0,1,10 and 20 check the difference of the value of a hand-made
non-normalised Gaussian and the TMath::Gaus routine.

For one number

import math
import ROOT

x=1
math.exp(-x*x*.5) - ROOT.TMath.Gaus(x)

[...]
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Exercise Solution

For x values of 0,1,10 and 20 check the difference of the value of a hand-made
non-normalised Gaussian and the TMath::Gaus routine.

import math
import ROOT
x=1

math.exp(-x*x*.5) - ROOT.TMath.Gaus(x)

Many possible ways of solving this! E.g:
v=[0,1,10,20]
for x in v:
print x,math.exp(-x*x*.5) - ROOT.TMath.Gaus(x)




ROOT As a Function Plotter s

The class TF1 represents one dimensional functions (e.g. f(x) ):

import ROOT

f1 = ROOT.TF1(“f1”,”sin(x)/x",0.,10.)
f1.Draw()

ROOT.gPad.Draw()

An extended version of this example is the definition of a function
with parameters:

f2 = ROOT.TF1(“f2","[@]*sin([1]*x)/x",0.,10.)
f2.SetParameters(1,1)

f2.Draw()

ROOT.gPad.Draw()




ROOT As a Function Plotter s

Example: the definition of a function with parameters:
import ROOT

2 = ROOT.TF1(“f2","[@]*sin([1]*x)/x",0.,10.)
f2.SetParameters(1,1) orers

2.Draw()
ROOT.gPad.Draw()
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Exercise: Interaction With The Plot

®0e a3
Fle =zt |[Yivw| omiaws Troks Kela
Ecilue el Yy
S | [0])'sin([1]"x)/x
B Slolouoy
TonT 2 In'n
Cclors
Lo
0.5, Mok
foun
A oww Wih 4

0.5

0.4

n.2

-0.2

I]lllllllllllll]ll

1llllllllllllllllllllllllllllllllllllllllllllllll

2 3 4 5 € 7 3 g 10

This available when working from ROOT prompt or from Python env
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Lowlks

S

Exercise: Interaction With The Plot

e e
Eic Uil Yow Qplices

Swe |

Mg

o1 Toanvas

r " ————————
1~ . -
Opeciy

|| 1
Fanilarvas
[ Fiaed a80a¢: ranio
I Goscrar & Ea-
M Grex I~ Grey
[ Thkx [7 Tk
o o
Fx Fxy Mz

doree Veeo

& Sun4eEr bords”
N burder
 Rased v

(O] sin{[1]™x)}/x
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0.6

04

02
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Exercise: Interaction With The Plot

ao® cl
Fia Zdh Vew Ominrs Tonk Help
Syc Agap '
o [0 sin{[1] x)/x
2:7F | =
Liwe
[ e—
"————] 08 Click on the curve and
Opachy
4 @ change colour
Faveoy ——— o6
19175 1

[ Urcas Kaa~ 2
sc. Paamelos .. | 04
X-Nange

Ports e ﬂ o2

Illlllllllllllllllllllll

cooce | 1C.00 n
Makar e
M- - o=
Oraciy 0.2
.—._l 1 _llllllllllllll[llllllllllllllllllllllllllllllllll
a ? a 4 5 6 7 ] 9 0
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Exercise: Interaction With Th_g Plot

From a notebook one can enable Javascript plotting (JSROOT)

jsroot on

ROOT.gPad.Draw()

T [O]'sin{[1]*x)/x

Notebook Click on the curve

: F \
requires to draw e \ and change
E A colour

the ROOT canvas 04
explicitly

2 - G 5 10
Javascript menu
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Mathematical Functions in ROOT

* TMath: a namespace providing the following functionality:
—Numerical constants.
—Trigonometric and elementary mathematical functions.
—Statistic Functions (e.g. Gauss)

—Special Mathematical Functions (e.g. Bessel functions)
—For more details, see the reference documentation of TMath.

ROOT.TMath.Gaus( x, mean, sigma)

* Functions provided in ROOT : :Math namespace
—special functions (many implemented using the Gnu Scientific Library)
—all major statistical functions
—For more details, see the reference documentation of ROOT::Math functions

ROOT.Math.chisquared_pdf(x,ndf)
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http://root.cern.ch/root/htmldoc/TMath.html
http://project-mathlibs.web.cern.ch/project-mathlibs/sw/html/group__SpecFunc.html

Plotting Measurements s

The class TGraphErrors allows to display measurements, including errors, with
different types of constructors. In the following example, data are taken from the file
ExampleData.txt:

gr = ROOT.TGraphErrors ("ExampleData.txt") areph

gr.Draw(“AP") _ .
ROOT.gPad.Draw() = .

Tells ROOT to draw the Axis and the Points | ]

run it in SWAN! T

‘ ExampleGraph_py
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Exercise: TGraph

e Create a graph (TGraph)

o Setits title to “My graph”, its X axis title to “myX” and Y axis title to “myY”
« Fill it with three points: (1,0), (2,3), (3,4)

e Set ared full square marker

 Draw an orange line between points
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Exercise Solution s

import ROOT
= ROOT.TGraph()
.SetTitle("My graph;myX;myY")

g

g

g.SetPoint(0,1,0)

g.SetPoint(1,2,3)

g.SetPoint(2,3,4) My gah
g.SetMarkerStyle(ROOT.kFullSquare) L
g.SetMarkerColor(ROOT.kRed)
g.SetLineColor(ROOT.kOrange)

g.Draw(“APL")

ROOT.gPad.Draw()
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Histograms

* What is a histogram?

—from Wikipedia:

— a histogram is a graphical representation showing a visual impression of the distribution of data. It is an
estimate of the probability distribution of a continuous variable and was first introduced by Karl Pearson.
[1]

— A histogram consists of tabular frequencies, shown as Example histogram
adjacent rectangles, erected over discrete intervals (bins),  « e ]
with an area equal to the frequency of the observations in =~ .. | RMS  1e07
the interval. o
— The height of a rectangle is also equal to the frequency wE ‘
density of the interval, i.e., the frequency divided by the oz J,J L
width of the interval. anl I
The total area of the histogram is equal to the number 20F
of data entries. sof- - |
u”— | [ f 2 |
S T e B R T S

/9


http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Continuous_variable
http://en.wikipedia.org/wiki/Karl_Pearson
http://en.wikipedia.org/wiki/Frequency_(statistics)
http://en.wikipedia.org/wiki/Rectangle

Histograms in ROOT

* Used to display and estimate the distribution of a variable (e.g. observed
energy spectrum)

—visualize number of events in a certain range, called bin
—bins typically have equal widths, but not always
*ROOT supports histograms with equal and variable bins
* Histograms can be used for further analysis
—e.g to understand the underlying parent distribution
* ROOT provides various types of histograms depending on:
—contained data type (double, float, integer, char)
—choice of uniform or variable bins

—dimension (1,2 or 3)
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How to use ROOT Histograms
.,

* Example of creating a one-dim. histogram:
h1l = ROOT.TH1D(“h1”,”Example histogram”,40,-4.,4.)

histogram type A 1 . .
TH1D: one-dimension  name title / axis Sett'”;;

using double types number min,max

of bins values

* Filling histogram:

h1.Fill(x) Fill the histogram with one observation “

foriin range(0,1000): Fill the histogram with

x = ROOT.gRandom.Gaus(0,1) 1000 gaussian distributed

random numbers

h1.Fill(x)
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* The TH* classes represent histograms
e THI* are monodimensional, TH2* are bidimensional ...

* The final letter describes the type stored in each bin:
A double inTHID, a float in THIF ...

efunc = ROOT.TF1(“efunc","exp([0]+[1]*x)",0.,5.)
efunc.SetParameters(1,-1)
h = ROOT.THL1F(“h","hist",100,0.,5.)

for i in range(0,1000): h.Fill(efunc.GetRandom
h.Draw()
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Displaying ROOT histograms

* Drawing histograms in a ROOT canvas:

Example histogram histogram name
| hi |
Emnes 1C00
‘ J Mean 001102
L RUS 1.007

8

8

YYVYYY]TH?"

~
o

 Total number of entries

e Sample Mean

e Sample Standard
Deviation (RMS)

{ The histogram statistics:

& 3

'7'”[!1!![!!' 1

8

8
|YYHIHY
—

number of observed events/bin
- =
o o

Aaad o I3 i

(XY™
»

variable x
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Histogram Statistics

* To extract statistics information from an histogram:

h1.GetEntries()

1000

h1l.Integral()

1000

h1l.GetMean()
0.026801411040800516
h1.GetMeankError()
0.03281977394226118
h1.GetStdDev()
1.0378523794938883
h1.GetSkewness()
-0.0010784297300549448
h1.GetKurtosis()
0.004886407306863294




Histogram Drawing Options

* Various drawing options are available: Exangle histogean

— draw error bars on every bin
h1.Draw(“E”)

— “SAME” :
h1.Draw(“SAME”) i

* draw the histogram on the canvas without

replacing what is already there. fomint i e

Plot one histogram on top of another

* The default drawing option is “HIST” for histograms without errors
(unweighted histograms) and “E” for weighted histograms

* For displaying the histogram in log scale in one axis, e.g. the y axis:

ROOT.gPad.SetLogy()
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1D Histogram Drawing Options

* Almost all drawing options for |D histograms:

TAXLIET IDraw enly Axis
AR 1Draw histogram, bul not the axis kabeks and lick mearks

“1.7 Mhen this option |s selesied the “irst and last vertizal lines of the nistogram arc not
drawn.

B lBar char: opticn

€ Draw @ smooth Curve Lbrougth Lhe histogram Lins
[ " |Draw error bars

50" IDraw crror bars Including bins vith o contents
| "TT™ J0raw erro- bars with pergencicular linas at the edges
Draw crror bars with rectangles
Draw a fill aea througth the end points of the vertical error bars
Draw a smoothed fil ec area through the end points of the error bars
"L"  IDraw a line througth the bin contents
"I IDraw current marer at each bin except ampty bins
“PU IDraw currert marker at each bin inclucing empty bins
"YH" |Draw histogram with 2 * at each bin

"IF2" IDraw histogram like with option "L" but with a fill area. Note that "L" draws 8iso a fill
aren if the hist flicoor i3 set but the fill area carraspanas 1o the histogram enntour.
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Histogram Drawing Options

* Histogram drawing is handled internally by the THistPainter class.

* The documentation for all the drawing options can be found in the class
reference page

— http://root.cern.ch/root/html/THistPainter.html

THIg1PaInter Clase Relerence

Heagim Libcar, loaaprine acd grashe 1o i g o honea

The Mg paete cline
Hoproievds MINGU 810 Devwys ubuw

» MOchcter

o Haloor s PAarg Oplant

ook wpnoreed by 10 et 200 hsdegriers

0OR wnoreed ke 10 histgrara

5 e ot by 2N e ires

W Bppored by 3D Negrames
pUpporent by gy’ ks TSand)

522289
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http://root.cern.ch/root/html/THistPainter.html

e Create a histogram with 64 bins and an x axis ranging from O to 16

e Fill it with random numbers distributed according to a linear function (“pol1”)
e Changeits line width with a thicker one

e Draw it!

run it in SWAN!

https://swan.cern.ch
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https://swan.cern.ch/

Exercise Solution s

import ROOT
h = ROOT.TH1F(“myPyHisto","Productivity;Python Knowledge;Productivity",64,0,16)

h.FillRandom(“pol1”)
h.SetLineStyle(2) o

fle f0 Yew Cpooms Took

h Draw() Productivily
2'103_._ Sty 5())0‘ |
g vean .59
- 3. L34 Dy 3938
£1% T
100
&0
)
0
s0—
J
0 2 [ £ 10 16

12 14 ]
Pythen Kroviedge
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ROOT Macros

* General Remarks

A more complete example

« Summary of Visual effects

* Interpretation and Compilation
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General Remarks s

We have seen how to interactively type lines at the prompt.
The next step is to write “ROOT Macros” — lightweight programs
The general structure for a macro stored in file MacroName.C is:

Function, no main, same
name as the file

void MacroName() {
<

your lines of C++ code
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Running a Macro
.

The macro is executed at the system prompt by typing:

> root MacroName.C

or executed at the ROOT prompt using .x:

> root
root [0] .x MacroName.C

or it can be loaded into a ROOT session and then be executed by typing:

root [@].L MacroName.C

root [1] MacroName();
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Macros available in SWAN

http://swan.web.cern.ch/content/root-primer

ROOT Primer

Masio L. Bed g a g ap wiith enrons Moo 2. Building 4 graph fivm a Nl
Click to open the T
Macro 1 notebook —— :
in SWAN Lg_‘.,i_..
e %
Macro 52 Folar gragh Macio 4: CnAm.r. it and deaw a theee 10 graph
Cingtn) |
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http://swan.web.cern.ch/content/root-primer

A More Complex Example

The example in section 3.2 of the ROOT primer, is a typical task in data analysis, a
macro that constructs a graph with errors, fits a (linear) model to it and saves it as an

image.
Maasurement XYL

) . . . E a)'Lab Lesson °
Let’s inspect it together and run it S I L
= Th. Law ) ) -{>‘
0:
= .;
20— e
: -
10 g Maximum
% Deviation
ol TPV TRUPYRPYRR! TR |PWRPAR |

’ 2 4 6 5 0
‘ Macrol_py longht jcmj
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Summary of Visual Effects

e Colours and Graph Markers: To specify a colour, some identifiers like kWhite, kRed
or kBlue can be used for markers, lines, arrows etc. The complete summary of
colours is represented by the ROOT “colour wheel”. ROOT provides several graphics
markers like triangles, crosses or stars.

 Arrows and Lines: The class representing arrows is TArrow, which inherits from
TLine. The constructors of lines and arrows always contain the coordinates of the
endpoints.

o Text: A possibility to add text in plots is provided by the TLatex class. Latex
mathematical symbols are automatically interpreted, you just need to replace the
II\H by a II#II.
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TColorWheel

- ‘ -
&9'\1)74@4 A N >

ROQT Colar Whse!
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The Family of Markers

OQEAVO

ANVEEE S VA X

20 21 22 23 24 25

- TxkOX

1 2 3 4 5 6

26 27 28 29 30 31 32 33 34

7 8 9 10 11 12 13 14 15

kDot=1, kPlus, kStar, kCircle=4, kMultiply=5, Also available through

kFullDotSmall=6, kFullDotMedium=7,

kFullCircle=20, kFullSquare=21, kFullTriangleUp=22,

kFullDotLarge=8 .
uLbotnarge=ey more friendly names

kFullTriangleDown=23, kOpenCircle=24, kOpenSquare=25, (éﬁ
kOpenTriangleUp=26, kOpenDiamond=27, kOpenCross=28,
kFullStar=29, kOpenStar=30, kOpenTriangleDown=32,

kFullDiamond=33, kFullCross=34
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Interpretation and Compilation

We have seen how ROOT interprets and “just in time compiles” code. ROOT also
allows to compile code “traditionally”. At the ROOT prompt:

Generate shared library and execute

root [1] .L macrol.C+ /function

int main() {

ROOT libraries can be also used to produce ExampleMacro();
standalone, compiled applications: return 9;

}

root [2] macrol()

> g++ -0 ExampleMacro ExampleMacro.C "“root-config --cflags --1libs’

> ./ExampleMacro
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More about Graphs and Histograms

95% CL Limiton d/og,,

ATLAS Preliminary 2011 - 2012 Cata

10 —ops. \3=7TeV: Ldt=4.5-¢8fb" =
- -bp. 3=8TeV: [Ldt=53-591" -

L Hsi1o .

- | J220o 1

1
10"
: CLz Limits :
100 200 200 400 500 500

m, [GeV]

Entries per 0.45 MeV/c?

40
20
0N
30 .
6) am [Me:{"/c:
40 + E::n_
| -
' N

o4 AN T R R AT
0 10 20 30 40

dm [MeV/c']
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* Read Graph Points from File
e Polar Graphs

2D Graphs
* Multiple graphs
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From an ASCII File s

To build a graph, experimental data can be read from an ASCII file (i.e. standard
text) using this constructor:

TGraphErrors(const char *filename,
const char *format="%lg %lg %lg %»1g",

Option_t *option="");

Macre 3: Bullging a graph from a ke

Let’s have a look at macro2.C in a notebook T \

(also in section 4.1 of the Primer).

‘ Macro2_py
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Bi-dimensional graphs can be created in ROOT with the TGraph2DErrors class.

macro4.C, described in Primer’s section 4.3, gives a nice example:

ZTte

Macro4_py

Fitted 20D function

Macro 1: Create, fit and draw 2 thre2 20 pragh

v
- -
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Multiple Graphs

It is sometimes useful to group graphs in a single entity, for instance to compute a common
axis system. The class TMultiGraph described in section 4.4 of the Primer allows that.

-
]l! T.!!l;;

N
lll]lll
4

X values il ™
‘ Multigraph_py
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Histograms

* Your First (in fact second) Histogram
 Add and Divide Histograms
 Two-dimensional Histograms
 Multiple Histograms
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Exercise

Write a macro to visualise a Poisson distribution in a histogram

* Create a 1D histogram the bins of which are double precision numbers
 The max number of counts collected is 15 (max value on the x axis)

* Use a random generator to generate 1000 Poissonian counts, mu=4

* Properly set the title and axes names, fill the histogram in blue

* Fitit, programmatically or with the fit panel (right click on the histogram)

The solution of this exercise is macro5.C shown in section 5.1 in the Primer
but we will do it using Python in SWAN
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Exercise - Optional

Create a macro that draws the sum, difference and ratio of two histograms

» Create three pairs of histograms, fill them randomly with normally distributed
numbers (TH1: :FillRandom(“gaus®))
» Divide, sum and subtract them
e Useful methods:
TH1::Divide(const TH1*),
TH1::Add(const TH1*, Double_t) the second parameter is a weight

* Note: for every plot a different canvas has to be created and before drawing, one

has to “cd” into it
. TCanvas c; c.cd();

The solution of this exercise is macro6.C shown in section 5.2 in the Primer
106



Two Dimensional Histograms .

Two-dimensional histograms are a very useful tool, for example to inspect correlations
between variables, as in the example in section 5.3 of the Primer (macro7.C):

e
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Multiple Histograms _

The example in section 5.4 (hstack.C) shows how to group histograms in a single

entity call a “stack”.
Stacked 2D histograms

Class
THStack

THStach: Draw stxks of veveral histogams

o Ae TR Soe us L

&n
0
(=1
&0
40
=0
o
w0
40

‘ THStack_py
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Input and Output

e Storing Objects
* N-tuples
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Storing Objects in a File

* ROOT allows to store C++ objects on disk (natively the
language cannot)

* All ROOT objects (inheriting from TObject) can be
written on disk via the Write method.

* Two ways of storing: row wise (single object dump ) and
column wise (N-tuple like storage ).

* Feature widely used, e.g. by all LHC experiments
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An Example 3

out file = ROOT.TFile(“my rootfile.root”,"RECREATE")
h = ROOT.TH1F("my histogram","My Title;X;# of entries",100,-5,5)

h.FillRandom("gaus")

h.Write(); // Write the histogram in the file
out file.Close(); // Close the file
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e The TTree is the data structure ROOT provides to store large quantities of same
types objects

e Organised in branches, each one holding objects

e Organised in independent events, e.g. collision events

Efficient disk space usage, optimised I/O runtime (Levent )

- m "

7)) R D2 [ Header ——{ Type ]
1367178| .0 49662 3 842013

52418] 1 89521] 3 Y i |I|Ii||l||i|l
o R R

D55245¢| .0 21231] 0 350081

4 1883 1. 107305] 1 48302

D205643| -0.7015] 0635417,

_____ 1

aveonetoes o old style flat n-tuples
S A . -
LT T evolved in more efficient

4 71234] 0 2235 0 556851
L ARNTINE trees (fast access, read
-2 (03555] 0576485] 4 429653

5305 ) 4b4| 2344 13 ahead)

1 230661 | -000565] 1 514558




 The TNtuple is a simplified version of the TTree:
 store floating point numbers
e As powerful for analysis
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Example

Primer macro (section 7.2.1)
write_ntuple_to_file.C

TFile ofile("conductivity_experiment.root"”,"RECREATE");
TNtuple cond_data("cond_data”,
"Example N-Tuple",
"Potential:Current:Temperature:Pressure”);
TRandom3 rndm; // We’1ll fill random values
float pot,cur,temp,pres;
for (int i1=0;i<10000;++1i) {
pot = rndm.Uniform(©.,10.); // get voltage
temp = rndm.Uniform(250.,350.); // get temperature
pres = rndm.Uniform(©.5,1.5); // get pressure
cur = pot/(10.+0.05*(temp-300.)-0.2*(pres-1.));// current
// add some random smearing (measurement errors)
pot* = rndm.Gaus(1.,0.01); temp+=rndm.Gaus(0.,0.3);
pres*= rndm.Gaus(1.,0.02); cur*=rndm.Gaus(1.,0.01);
// write to ntuple
cond_data.Fill(pot,cur,temp,pres);
}
// Save the ntuple and close the file
cond_data.Write(); ofile.Close();



Exercise: Potential of the Tree

* Runthewrite ntuple to file py notebook

* Run the code in SWAN
* Check your CERNBox for the result file!
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‘ Write_ntuple_to_file_py ==E
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Creting TTree from csv files
ol

* Itis possible to fill a TTree from a csv file (e.g. from Excel)

* Use function TTree::ReadFile or T Tree::ReadStream from a
file or from a stream

* need to specify a string describing the branches
(the columns headers)

branchDescription = “named/C:x/F:y/F

tree.ReadFile(“myfile.root”, branchDescription)

‘ ConvertData
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Accessing Complex Trees

e Class to access TTree from C++
 TTreeReader class: tool to access complex trees in a type-safe manner
* Not only floating point numbers as in TNtuple, but all objects!

// Access a TTree called "MyTree" in the file:

TTreeReader reader("MyTree", file);

// Establish links with two of the branches
TTreeReaderValue<float> rvMissingET(reader, "missingET");
TTreeReaderValue<std: :vector<Muon>> rvMuons(reader, "muons");

117



Reading TTree in Pyton 2

* Reading and analysing T Tree in Python is easy

* One can iterate on a single entry in a T Tree and access
directly the branches

file = ROOT.TFile(“my_tree.root”)
t = file.tree
for event in t :

print t.x, t.y # print the content of the branches x and y
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Exercise: Reading TTree from Python

Example of reading and examine a TTree from a file
using Python

ITree Access: #yROOT
TTreeAccess_Example_py J—

Hustogram Hiling (#yROOT )

Example of reading a TTree from a file and filling an histogram -.",,-,‘ ="

‘ FillHistogram_Example_py —
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Summary

Objectives reached:

 Become familiar with the ROOT toolkit

* Be able to use the Python interface and learn the Jupyter
notebooks

* Plot data and play with the Histograms

* Perform basic |/O operations

* Working with the TTree class
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