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RooFiIt

A general purpose tool kit for data modeling

Wouter Verkerke (UC Santa Barbara)
David Kirkby (UC Irvine)
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RooFit purpose - Data Modeling for Physics Analysis

Distribution of observables g@

A
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1

%

=
i

Define model

-
T

i,

-?

)

- _ _ ® ® ®
Probability Density Function F(X; p, Q)

®
» Physical parameters of interest p

5

® :
e Other parameters g to describe
detector effect (resolution,efficiency,...)

= Normalized qyer allowed range of the ®

observables x w.r.t the parameters p and q

a
o
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Implementation — Add-on package to ROOT

*1'i bRoOFi t Cor e. s0 [Roo
11 bRoOFi t Mbdel s. 50 it

Data Modeling

ToyMC data Model Data/Model
:| Generation Visualization Fitting :

MINUIT

C++ command line
interface & macros

Data management &

_ _ 1/0 support
histogramming

y
Graphics interface

Wouter Verkerke, UCSB



Analysis cycle

Data modeling - Desired functionality

Building/ZAdjusting Models

v Easy to write basic PDFs (= normalization)

v Easy to compose complex models (modular design)
v’ Reuse of existing functions

v Flexibility — No arbitrary implementation-related restrictions

Using Models

v/ Fitting : Binned/Unbinned (extended) MLL fits, Chi? fits

v Toy MC generation: Generate MC datasets from any model
v Visualization: Slice/project model & data in any possible way

v Speed — Should be as fast or faster than hand-coded model

Wouter Verkerke, UCSB
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Data modeling — Mathematical formulation

e RooFit implements data models as Probability Density Functions

- Properties of PDFs e S oy g
— Unit normalized d:(x1 p)dX °1 F (X1 p) O
— Positive definite Ximin

e Benefits

— Easy interpretation of model parameters
© Fsum(X) = Nsig*Fsig(X) + kag*Fbkg (X)

— Transparent modularity
e Component properties context independent
e Modular PDF structure scale easily to complex models
e Sum of PDFs is a PDF, product of PDFs is PDF...

— Universal Toy Monte Carlo event generation capabilities

Wouter Verkerke, UCSB



Data modeling — OO representation

e Mathematical objects are represented as C++ objects

Mathematical concept RooFit class

variable X, p ‘ RooReal Var

function f ()_() ‘ RooAbsReal

poF ()_(, I_j, q) ‘ RooAbs Pdf

space point )_{ ‘ RoOAr gSet
Xmax

N\
integral f (X)dX ‘ RooReal | nt egr al
Xmi —

Wouter Verkerke, UCSB



Data modeling — Constructing composite objects

e Straightforward correlation between mathematical
representation of formula and RooFit code

Math

RooFit
diagram

RooOFit
code

® RooReal Var x

SICICICES)

G(Xx,m, \E)

® RooGaussi an g

e

@

|

AN

RooReal Var m  RooFornul avVar sqrts @

AN

3 RooReal Var s

RooReal Var x(“x”,”x”,-10, 10) ;

RooReal Var n(“ni, ”"nmean”, 0) ;

RooReal Var s(“s”,”sigm”, 2,0, 10) ;

RooFor nmul avar sqrts(“sqrts”,”sqrt(s)”,s) ;

RooGaussi an g(“g

,7gauss”, x, msqrts) ;

Wouter Verkerke, UCSB



Data modeling - Bookkeeping

e All objects are self documenting

e Example: RooReal Var — representation of real-valued variable.

— Associated properties are stored in objects

Name Title Range

i i i
RooReal Var nass(“mass”, "l nvari ant mass”, 5. 20, 5. 30) ;

RooReal Var wi dt h(“w dth”,”B0 nmass wi dth”, 0.00027,”GeV") = Unit

-

“
*a
-
“a
~a
»
v
.....
e
oy
L]
L3
v,
.
Ly

mass. set Const ant (KTRUE) ; ~-.... C\lj;[jgt
mass.setUnit(“GeVv’) ; Tt

mass. set Range(5.20,5.30) ; e

mass. set Attri bute(” Veryl nportant”) . e Fit role

mass. set Pl ot Label (“m { E§} (BrO)”)

Plot Ié:lbel User attributes

Wouter Verkerke, UCSB



Model building — (Re)using standard components

e RooOFit provides a

RooPol ynom al E

RooHi st Pdf if

F ]

RooAr gusBG¢

RooBM xDecay E

< Physics inspired
ARGUS,Crystal Ball,

RooGaussi an

| Non-parametric
......\ Histogram, KEYS

Breit-Wigner, Voigtian,
/ B/D-Decay,....

7 8 9 1

| Basic

/I
\I

\

_|_|_|_|_L|_| - . .
7T 8 9 4 Gaussian, Exponential, Polynomial,...

IFETRIRTRTI FRTR
L275.28 5.29 5:.2

e By RooFit uses to achieve normalization

e Classes can

provide (partial) integrals

» Final normalization can be numeric/analytic form



Model building — (Re)using standard components

e Most physics models can be composed from ‘basic’ shapes

RooBM xDecay E /.\

RooPol ynom al E

RooH st Pdf if |—| /

RooAr gusBG¢

RooGaussi an

RooAddPdf




Model building — (Re)using standard components

e Most physics models can be composed from ‘basic’ shapes

RooBM xDecay

RooPol ynom al

RooH st Pdf :

RooAr gusBG¢

RooGaussi an

4

6 8 A

L275.28 5.29 5:..::

=
-

RooPr odPdf




Model building — (Re)using standard components

e Most physics models can be composed from ‘basic’ shapes

RooBM xDecay E /.\

RooPol ynom al E

RooH st Pdf if |—| /
RooGaussModel F /.\

RooDecay

ofdeca
iy
%]
T

Brojegtion
o
T
-
=
L1-]
-

Pro
=2 .
[=-]
]
[ ]

=2 =2
=2 =2
- [=1]
T T
- |
-} .
[1-]
EE =
-
i
= Progctionsf decay
g
T T

0.02 03_—
e R S R RooConvol ut edPdf |
0.01—
%

dt
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Model building — (Re)using standard components

= Building blocks are
— Function variables can be functions themselves
— Just plug in you like

— Universally supported by core code
(PDF classes don’'t need to implement special handling)

é 2k B.04 -

é‘ﬁ [;%35, |.[IIJZ&_: i =

E; o 0.0021 R o
5 wl T
-%-1 0.015~ 7 _. f ’f i! ! , l\ .
: 10005 i A -
- - Wl
25 TN T T T T T T AW . Lo lvaal | Loy % o ’gﬁ'gf"%@@ ;

1.5 2 25 !3 910 8 6 4 2 0 2 4 6 8 lﬂ 1 5 ”J‘*ﬁf;ff '}.ﬂ

RooPol yVar (“m,y, RooArgLi st (a0, al)) ;
RooGaussi an g(“g”, "gauss”, X, ms) ;

Wouter Verkerke, UCSB



Model building — Expression based components

— Interpreted real-valued function
— Based on ROOT TFor nul a class

— ldeal for modifying parameterization of existing compiled PDFs

RooBMixDecay(t,tau,\,...)

RooFormulavar w(“w”,”1-2*D”,D) ;

IIIII

=
]
=
N
T

0 vl b Lo oo W be o b bun 1y
-0 -8 6 -4 -2 0 2 4 6 & c?tl]

— Interpreted PDF .
— Based on ROOT TFor mul a class ‘

— User expression doesn’t
need to be normalized

— Maximum flexibility

RooGeneri cPdf f("f","1+sin(0.5*x)+abs(exp(0.1*x)*cos(-1*x))", Xx)



Using models - Overview

= All RooFit models provide universal and complete
fitting and Toy Monte Carlo generating functionality

— Model complexity only limited by available memory and CPU power

e models with >16000 components, >1000 fixed parameters
and>80 floating parameters have been used (published physics result)

— Very easy to use — Most operations are one-liners

Fitting Generating

- dat a = gauss. generat e(x, 1000)

\\ mean = 0.9956 +0.03

RooAbs Pdf

3
gauss. fi t To(dat a) ! %
|

R ! y
i {ﬁpﬂ %#{{ ﬁw #&ﬁ
] % %{# s . Jw LT
i w ﬂ}ﬁ_ RooDat aSet
e e

RooAbsDat a

Wouter Verkerke, UCSB



Using models — Fitting options

e Fitting interface is

Data type
v Binned
v'Unbinned
v'"Weighted unbinned

Goodness-of-fit
measure

v'-log(Likelihood)
v Extended —log(L)
v'Chi?
v'User Defined

v'(add custom/penalty
terms to any of these)

Interface

v One-line: RooAbsPdf: :fitTo(..)

, many options supported

Sample interactive MINUIT session
RooNLLVar nll (“nll”,”nll”, pdf, dat a)
RooM nuit n(nll) ;

Access any of MINUITs
m hesse() ; minimization methods

X. set Const ant ()

y.setVal (5) ;
m migrad() : Change and fix param. values,

] using native RooFit interface
m m nos() during fit session

RooFitResult* r = msave() ;

Output
v'"Modifies parameter objects of PDF

v'Save snapshot of initial/final parameters,
correlation matrix, fit status etc...



* Using models — Fitting speed & optimizations

= Benefit of function optimization traditionally a trade-off between
— Execution speed (especially in fitting)
—  Flexibility/maintainability of analysis user code

e Optimizations usually hard-code assumptions...

e Evaluation of —log(L) in fits lends it well to optimizations
— Constant fit parameters often lead to higher-level constant PDF components
— PDF normalization integrals have identical value for all data points

— Repetitive nature of calculation ideally suited for parallelization.

e RooFit automates analysis and implementation of optimization

— Modular OO structure of PDF expressions facilitate automated introspection
 Find and pre-calculate highest level constant terms in composite PDFs
= Apply caching and lazy evaluation for PDF normalization integrals

e Optional automatic parallelization of fit on multi-CPU hosts

— Optimization concepts are applied consistently and completely to all PDFs

— Speedup of factor 3-10 typical in realistic complex fits

» RooFit delivers per-fit tailored optimization without user overhead!
Wouter Verkerke, UCSB



Using models — Toy MC Generation

o T
: -':-':-:
)
d

W
W

A
Ry

&.ﬁ"r
o
R

i
i
Wby
S

“Toy” Monte Carlo samples from

— Sampling method used by default, but PDF components can advertise
alternative (more efficient) generator methods

discrete-valued dimensions also supported

RN AT
ik %}};fgﬁ:fgggg%’m

S

LE
SN
A i

il

— Subset of variables can be taken from a

» E.g. to more accurately model the statistical fluctuations in a particular sample.

e Correlations with prototype observables correctly taken into account
Wouter Verkerke, UCSB
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Using models — Plotting

e RooPl ot — View of 31 datasets/PDFs projected on the same dimension

o

W
(=]

%]
[=]

1

IIII|II* I|IIII|IIII|IIII|IIII|IIII|
i

0: 0 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII (-

5.2 5.215.22 5.23 5.24 5.255.26 5.27 5.28 5.29 5.3

m(ES)
A

* Axis labels auto-generated +~ -

@D Create the view on mes

RooPlot* franme = nes.frane() ;

~@ Project the data on the mes view

.
.
.
0000

dat a- >pl ot On(frame) ;

,‘® Project the PDF on the mes view

""""""
v «
LS
L
“a

pdf - >pl ot On(frane) ;

@ Project the bkg. PDF component
pdf - >pl ot On(f rane, Conponent s(“bkg”))

® Draw the view on a canvas
frame->Draw() ;

Wouter Verkerke, UCSB
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Using models — Plotting

e RooPl ot — View of 31 datasets/PDFs projected on the same dimension

& 0 .0044:)‘
=)

n

Events /
w
o

N
[3,]

20

15

10

IIII|I I* I|IIII|IIII|IIII|IIII|IIII|
¢
_*_.

255,26 5.27 5.285.29 5.3
m(ES)

0 IIII|IIII|IIII|III|
5.2 5.215.22 5.23 5.2-
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Using models — Plotting

 Additional methods available to
— Plot/project slices or arbitrarily shaped regions of PDFs
— Plot PDF projections averaged over observables provided in a dataset

— Plot generic asymmetries (A-B)/(A+B)

e Single method for all plot varieties: pl ot On()

— Named argument interface powerful yet easy to use

.
v
v
.....

pdf - >pl ot On(frane) ;

pdf - >pl ot On(frane, Slice(x)) ;

pdf - >pl ot On(frane, Asymmetry(tag), Li neCol or (kRed)) ;

pdf - >pl ot On( f r ame, Conponent s(“Bkg*”), Proj WDat a(dterr)) ;
pdf - >pl ot On(frane, Nornmal i zation(0.5), DrawOption(“F")) ;

Wouter Verkerke, UCSB
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Advanced features — Task automation

e Support for routine task automation, e.g. goodness-of-fit study

Accumulate

Input model Generate toy MC Fit model fit statistics
i .ﬁﬂ%a - :'?ﬁ‘-:
:: : ?'1.. : : ?;"«ir'
Y S
Lt e = e

Distribution of

- parameter values
Repeat - parameter errors
N times - parameter pulls

/] Instantiate MC study nanager
RooMCSt udy ngr (i nput Model ) ;

/] Generate and fit 100 sanples of 1000 events
ngr . gener at eAndFi t (100, 1000) ;

[/ Plot distribution of sigma paraneter
mgr . pl ot Param(si gm) - >Dr aw( )

Wouter Verkerke, UCSB



"~ Development and Use of RooFiIt In

e Development
— RooFit started as RooFitTools (presented at ROOT2001) in late 1999

= Original design was rapidly stretched to its limits

— Started comprehensive redesign early 2001
< New design was released to BaBar users in Oct 2001 as RooFit

e Extensive testing & tuning of user interface in the past year

— RooFit released on SourceForge in Sep 2002 -

e Current use

— Almost all BaBar analysis requiring a non-trivial fit now
use RooFit or are in the process of switching to RooFit, e.g.

« CP violation and mixing in hadronic decays (‘sin2b’)

e B-Mixing in di-lepton events, D*/n events [ SourceForge Page Views/month

= Measurement of sin2a ¢, from B 2> rp, B 2 pp

100001
= Searches for rare decays (B > f Kg, h’ Kg, ...) 8000 — -
— Typical fit complexity 6000 i -
e 30— 70 floating parameters 4000 I ||
= 4-8 dimensions 2000
- PDF consists of 1000-10000 objects 01 e 4 A
Sep Oct Nov Dec Jan Feb

e Dataset of 500-100000 events

Wouter Verkerke, UCSB



RooFit at SourceForge

roofit.sourceforge. net
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RooFit at SourceForge - Documentation
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© Summary

e RooFit adds a powerful data modeling language to ROOT

Mathematical objects (variables, functions...) represented as C++ objects
Complex models are easily composed from library of standard components
» New fundamental components can be written easily
Powerful tools for fitting, Toy MC generation and visualization are easy to use
e Compact syntax
e Universal functionality (almost no arbitrary / implementation related restrictions)

Automated function optimization analysis and implementation
delivers industrial strength performance

e RooFit makes it really easy to do the right thing

Unbinned maximum likelihood fits
Poisson/binomial errors on histograms
Simultaneous fits with control samples
Model validation with Toy MC studies, ...

e RooFit enjoys a rapidly growing user community
— The BaBar collaboration has enthusiastically embraced RooFit

= Majority of physics analysis involving non-trivial fits now use RooFit
Publicly available on SourceForge since September 2002
Individual users in Belle,SLD,CDF,DO,CLEO,GLAST,LHCb,MiniBOONE,...

Wouter Verkerke, UCSB
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Data modeling — Mathematical formulation

e Generic real-valued functions e Probability Density Functions

2 é 89(-_62 l‘J A )
2X- M €.éso U e u
gcmo _ e y s (atbxx) -
f(x)=Axe ¢ ° ¢ + Bxa+bxx) F(X) =Ngg Xe———=0+ Ny )02 .
g &My da+b><x)
e85 ol H
ed
— Usually we really = Benefits of PDFs

want to know N ,Ny,,

— Relation between A,B and
Ngig/ Ny NON-trivial

— Doesn’t scale easily
to complex problems

Xmin

Straightforward interpretation
of parameters

Enhanced modularity -
better scaling to complex models

Mathematically rigorous definition

-
& pdx°e1 F(x,p)30

is
traditionally the most aspect of
implementation - Need to make this easy




Hierarchy of classes representing a value or function

RooAbsAr g

Abstract value holder

RooAbsReal RooFor mul aVar
RooPol yVar
RooReal | nt egr al

Abstract real-valued objects

RooAbsReal LVal ue RooAbs Pdf RooAbsGoodnessO Fi t
Abstract real-valued object Abstract probability Abstract goodness of fit

that can be assigned to density function from a dataset and a PDF

RooReal Var RooGaussi an Egg(NjL_:_\S/ZLar evar

RooLi near Var RooAr gusBG

RooAddPdf RooResol uti onMbdel
RooConvol ut edPdf RooPr odPdf Abstract resolution model
Abstract convoluted physics model RooExt endPdf
RooGaussModel
RooLecay RooGExpModel

RooBM xDecay RooAddModel

Wouter Verkerke, UCSB
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Class RooAbsAr g

C

op-level class for objects
representing a value

RooOAbsAr g
Abstract value holder

Implementations
can represent
any type of data.

P

The main role of RooAbsArg is
to manage client-server links
between RooAbsArg instances
that are functionally related to

" each other -

Wouter Verkerke, UCSB
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Class RooAbsReal

Abstract base class for objects
representing a real value

RooAbs Real
Abstract real-valued objects

Class RooAbsReal implements\

lazy evaluation:
get Val () only calls eval uat e()

If any of the server objects

" changed value -

RooFor nul aVar
RooPol yVar
RooReal I nt egr al

Implementations
may advertise
analytical integrals

Wouter Verkerke, UCSB



Class RooAbsReal LVal ue

Abstract base class for objects
representing a real value that
can be assigned to (C++ ‘lvalue’)

An lvalue is an object
that can appear on

the left hand side of
the = operato

RooAbsReal LVal ue

Abstract real-valued object
that can be assigned to

RooReal Var
RooLI near Var

Few implementations as few functions\
are generally invertible:

—RooReal Var : parameter object

—RooLi near Var : linear transformation

Wouter Verkerke, UCSB
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Class RooAbsPdf

/Defining property\

g

Abstract base class for
robability density functions

of (%, p)dx° 1

Where x are the
observables and p

are the parameters/

RooAbs Pdf

Abstract probability
density function

—RooGaussi an
- ROOAr gusBG
_RooAddPdf
—RooPr odPdf
_RooExt endPdf

Wouter Verkerke, UCSB
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Class RooConvol ut edPdf

/ Implements f (dt,...) A R(dm

RooResol uti onMbdel

AN
' )

P(dt,...)= g c.(...)(f. (dt,..) A R(dt,...))

Y
RooConvol ut edPdf (physics model)

Implements c,. , declares list of f, needed
No convolutions calculated in this clay

RooConvol ut edPdf
Abstract convoluted physics model

Abstract base class for
PDFs that can be convoluted
with a resolution model

RooDecay
RooBM xDecay
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Class RooResol ut 1 onModel

ﬁesolution model advertises
which basis functions it can
handle

To be used with a given
RooConvol ut edPdf

implementation,
a resolution model must
support all basis functions used

\by the RooConvolutedPdf

/

Implementations of \
RooResol uti onMbdel are
regular PDFs with the

added capability to calculate
their function convolved with a

series of ‘basis’ functions

RooResol ut 1 onMbodel
Abstract resolution model

_RooGaussMdel
—RooGExphModel
_RooAddMbdel
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Class RooAbsGoodnessOf Fi t

Provides the framework for efficient
calculation of goodness-of-fit quantities.

@oodness—of-fit quantity is a
function that is calculated from

_ A dataset RooAbsGoodnessO Fi t

Abstract goodness of fit
from a dataset and a PDF

RooNLLVar
L_RooChi Squar eVar

— the PDF value for each point

\ in that dataset

/Built—in support for

—Automatic constant-term optimization
activated when used by RooMinimizer(MINUIT)

—Parallel execution on multi-CPU hosts

\ —Efficient calculation of RooSimultaneous PDFS/
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Class tree for discrete-valued objects

RooAbsAr g

Generic value holder

RooAbsCat egory

Generic discrete-valued objects

RooAbsCat egor yLVal ue RooMappedCat egory
Generic discrete-valued object RooThr eshol dCat egory
that can be assigned to RooMul t i1 Cat egory

RooCat egory
RooSuper Cat egory
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