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What is Roofit?

• RooFit is a language to formulate models to describe your data

• Relates to end-game of (nearly) all HEP physics: statistical analysis. 

• Original focus on complex model, new focus also on low-statistics 
problems

fsig ×

SigSel(m; psig ) ×

SigDecay(t;qsig, sin(2b))

ÄSigResol(t | dt;rsig )

æ

è
çç

ö

ø
÷÷

é

ë

ê
ê
ê

ù

û

ú
ú
ú
+

(1- fsig )

BkgSel(m; pbkg ) ×

BkgDecay(t;qbkg )

ÄBkgResol(t | dt;rbkg )

æ

è
çç

ö

ø
÷÷

é

ë

ê
ê
ê

ù

û

ú
ú
ú

Complex model Simple model 

High
statistics

Low 
statistics

Measurement
of CP violation
at BaBar

Discovery of 
Higgs boson
at LHC



How does it work – code structure

• Key concept: represent individual elements of a 
mathematical model by separate C++ objects
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variable RooRealVar

function RooAbsReal

PDF RooAbsPdf

space point RooArgSet

list of space points RooAbsData

integral RooRealIntegral

RooFit classMathematical concept
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Coding a model in RooFit

• Construct each ingredient with a single line of code
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RooRealVar x(“x”,”x”,-10,10) ;

RooRealVar y(“y”,”y”,-10,10) ;

RooRealVar a(“a”,”a”,0) ;

RooRealVar b(“b”,”b”,-1.5) ;

RooFormulaVar m(“a*y+b”,a,y,b) ;

RooGaussian f(“f”,”f”,x,m,C(1)) ;

RooGaussian g(“g”,”g”,y,C(0),C(3)) ;

RooProdPdf F(“F”,”F”,g,Conditional(f,y)) ;

Gauss f(x,a*y+b,1)

Gauss g(y,0,3)

F(x,y) = f(x|y)*g(y)



Goals of RooFit

• Allow users to cleanly & simply express the physics 
problem (the probability model for your data)

– Computational optimization of calculations make code ugly & 
inflexible (unless you put a lot of effort in it)

– In RooFit users do not need to worry about performance 
optimization of calculations  Automated analysis of expression 

tree for optimization opportunities. Implemented automatically 
prior to use of likelihood

• Modularity & flexibility: provide an as-small-as-possible 
set of powerful building blocks from which models can 
be built  keep language as simple as possible

– No arbitrary restrictions RooProdPdf can multiply any set of pdfs, 
RooAddPdf can sum any type of pdf, etc

• Well defined scope – statistical model building (only)

– Very little mission creep over the years. 
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Why do/don’t people use RooFit

• My experience from interacting with users over 
the past 15(!) years (not a formal survey)

• Don’t use RooFit because:

– User problem is too simple

– Would like to write their own from scratch

• Do use RooFit because

– Don’t want to start from scratch

– You can still write your own analysis code (it’s a toolkit, not a 
framework)

– Because it is fun to use (really!)

– Recommendations by other users

– Demonstrated scalability - It’s been shown to scale to very complex 
projects (e.g. Higgs combination) 

– It’s easy to combine results with other analysis groups
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Who’s using RooFit? 

• No survey – based on direct user communication and/or 
mentioned use in journal papers

• The LHC experiments:
ATLAS & CMS very widespread use for Higgs, SUSY, 
Exotics (in ATLAS nearly 100% of all Higgs & SUSY results)
LHCb used for various complex unbinned ML fits

• Tevatron
Limited use at CDF and D0

• B-Factories
Very widespread use in BaBar [ originated here ]
Also used in Belle

• Other
Also (limited) use in non-collider experiments (e.g Xenon) 
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RooFit Development focus has been LHC in past years

• RooFit originally developed for (unbinned) maximum 
likelihood fits with analytical models at B-factories

• Hadron physics at LHC is messy  signal and 
background not described by analytical shapes, but 
rather by histogram templates from MC simulation
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Analytical form:
Gaussian+Polynomial

Template form:
Histogram (discrete) 



From empirical shapes to template morphing

• Along with shift to MC-based templates comes new 
approach to degrees of freedom that probability models 
should have
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Should background be described
by 3rd or 4th order polynomial?

Not clear how to answer this
question rigorously….

What are the uncertainties
in the prediction from MC

simulation?

We do know how to answer
this question (in principle)!



Expected distributions obtained from simulation chain
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Example uncertainties

• Every “systematic uncertainty” maps to existence of one 
or more parameters with unknown values

• Theory 

– QCD factorization and normalization scale  unknown value μ

– Top production cross-section uncertainty  unknown value σ(tt)

• Detector 

– B-tagging  Unknown true b-tagging efficiency εb

– Jet calibration  Unknown true jet energy scale αJES

• MC statistics

– Unknown true MC prediction in bin of distribution, given 3
simulated events passing all cuts

• Profile likelihood approach  Construct 
a probability model of observed distribution
that explicitly parametrizes dependence on 
unknown quantities 
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F(N|μ,σtt,εb,αJES,…)



Parametrizing histograms  template morphing

• For each known uncertainty from simulation, evaluate predicted 

distribution and three or more settings 

Parametric model: f(x|α)

Input

histograms

from simulation
Repeat for each
known parameter



Code example – template morphing

• Example of template morphing

systematic in a binned likelihood
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// Construct template models from histograms

w.factory(“HistFunc::s_0(x[80,100],hs_0)”) ;

w.factory(“HistFunc::s_p(x,hs_p)”) ;

w.factory(“HistFunc::s_m(x,hs_m)”) ;

// Construct morphing model

w.factory(“PiecewiseInterpolation::sig(s_0,s_,m,s_p,alpha[-5,5])”) ; 

// Construct full model

w.factory(“PROD::model(ASUM(sig,bkg,f[0,1]),Gaussian(0,alpha,1))”) ;

Class from the HistFactory project

(K. Cranmer, A. Shibata, G. Lewis, 

L. Moneta, W. Verkerke)



Advanced model building – describe MC statistical 

uncertainty

• Histogram-based models have intrinsic uncertainty to MC statistics…

• How to express corresponding shape uncertainty with model params?

– Assign parameter to each histogram bin, introduce Poisson ‘constraint’ on each bin

– ‘Beeston-Barlow’ technique. Mathematically accurate, but introduce results in 

complex models with many parameters. 

L(N) = P(Ni | si +bi )
bins

Õ

L(N | s,b) = P(Ni | si +bi )
bins

Õ P(si | si
bins

Õ ) P(bi | bi
bins

Õ )

L(N |g s,gb ) = P(Ni |g s,isi +gb,ibi )
bins

Õ P(si |g s,isi
bins
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Binned likelihood 

with rigid template

Response function

w.r.t. s, b as parameters

Subsidiary measurements

of s ,b from s~,b~

Normalized NP model (nominal value of all γ is 1)



Code example – Beeston-Barlow

• Beeston-Barlow-(lite) modeling

of MC statistical uncertainties
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L(N |g ) = P(Ni |gi(si +bi ))
bins

Õ P(si +bi |g i(si +bi
bins

Õ ))

// Import template histogram in workspace

w.import(hs) ;

// Construct parametric template models from histograms
// implicitly creates vector of gamma parameters

w.factory(“ParamHistFunc::s(hs)”) ;

// Product of subsidiary measurement

w.factory(“HistConstraint::subs(s)”) ; 

// Construct full model

w.factory(“PROD::model(s,subs)”) ;



Code example: BB + morphing

• Template morphing model

with Beeston-Barlow-lite

MC statistical uncertainties
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// Construct parametric template morphing signal model

w.factory(“ParamHistFunc::s_p(hs_p)”) ;

w.factory(“HistFunc::s_m(x,hs_m)”) ;

w.factory(“HistFunc::s_0(x[80,100],hs_0)”) ;

w.factory(“PiecewiseInterpolation::sig(s_0,s_,m,s_p,alpha[-5,5])”) ; 

// Construct parametric background model (sharing gamma’s with s_p)

w.factory(“ParamHistFunc::bkg(hb,s_p)”) ;

// Construct full model with BB-lite MC stats modeling

w.factory(“PROD::model(ASUM(sig,bkg,f[0,1]),
HistConstraint({s_0,bkg}),Gaussian(0,alpha,1))”) ;



Morphing algorithms active area of development
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2D morphing with 2 params



RooFit for LHC high-pT physics

• Profile Likelihood paradigm now dominant at LHC

• RooFit provides very powerful modular building blocks 
that allow to implement profile likelihood models
(morphing interpolation functions)

• Area under very active development (new algorithms, 
higher dimensions, performance tuning

• Higher-level tools exist to simply bookkeeping process 
of building very complex models (HistFactory – in 
ROOT, HistFitter – not in ROOT (yet))
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RooFit for LHC high-pT physics – combining & reinterpreting

• Higgs boson discovery has critically relied on 
combination of many individual standalone analyses

• RooFit has greatly simplified this combination effort 
through the concept of Workspaces  persistence of 
complete (final) probability models that interpret data 
of individual analysis

• With workspaces anyone with a ROOT release, can redo 
the statistical analysis of another analysis team, which 
just 5 lines of code – independent of complexity of 
model. You just need the ROOT file with the workspace
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The workspace

• The workspace concept has revolutionized the 
way people share and combine analysis

– You can give somebody an analytical likelihood of a (potentially 
very complex) physics analysis in a way to the easy-to-use, 
provides introspection, and is easy to modify.
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RooWorkspace

RooWorkspace w(“w”) ;

w.import(sum) ;

w.writeToFile(“model.root”) ;

model.root



Using a workspace 
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RooWorkspace

// Resurrect model and data

TFile f(“model.root”) ;

RooWorkspace* w = f.Get(“w”) ;

RooAbsPdf* model = w->pdf(“sum”) ;

RooAbsData* data = w->data(“xxx”) ;

// Use model and data

model->fitTo(*data) ;

RooPlot* frame = w->var(“dt”)->frame() ;

data->plotOn(frame) ;

model->plotOn(frame) ;



How well does it scale?

• Graph of the ATLAS Higgs combination discovery model
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Model has ~23.000 function objects, ~1600 parameters

Reading/writing of full model takes ~4 seconds
ROOT file with workspace is ~6 Mb



Workspaces make technical aspect of combining analyses trivial

• Technical process of combining analyses has been 
straightforward, even when combining across 
experiments

• Example high-profile results

– LHCb + CMS: BS  μμ

– ATLAS + CMS: Higgs boson mass and couplings

• Even the most complex of combinations ever built  the 
ATLAS+CMS Higgs coupling combination (578 
distributions modeled with 4200 parameters using 
194161 function objects) can be reassembled by 1 
person from scratch in ~1 day. 

• Technical ease allows physicists to focus on content -
correlations of systematic uncertainties between 
channels and experiments. 
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The ATLAS+CMS Higgs combination 
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Pushing the boundary on RooFit model complexity

• MINUIT minimization (still) works well with 4200 
parameters. 

– Had to disable default MINUIT2 feature to save intermediate 
covariance matrix at every VariableMetric step 
(each V takes ~70 Mb. 100 steps = 7 Gb…) 

• Some tuning of memory model and code optimization 
needed. ATLAS/CMS model consumes ~6 Gb, 
minimizes w.r.t 4200 params in ~5 hours

– Profiling with callgrind, memcheck, massif 

– 40% used by objects representing functions, 30% on links 
between objects, 30% on caches of various types 

– Majority of CPU time spent in probability functions doing the 
‘actual work’ (morphing transformations) 

• Work on scalability improvements going 

– Most scaling issues in model manipulation (setup phase for fit) -
usually fixed with lookup tables etc 

Wouter Verkerke, NIKHEF 



Further development plans

• Documentation (yes I know…) Holy grail project -
develop a guide to statistical analysis with hands-on 
RooFit implementation [ big project! ] 

• Improved internal optimization of likelihood calculation 
& parallelization (many ideas - not so much time yet) 

• Keep working on scalability and performance - so far 
has never been a showstopper

• Incorporate new tools and concepts that emerge from 
collaborations (a posteriori trimming of model 
complexity - ‘pruning') 

• Replace old core code with modern STL 
implementations (big help here so far from Manuel 
Schiller!) 
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