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The HistFactory model

* Binned template fits are widely used for statistical inference at the LHC and beyond

« HistFactory is a statistical model for binned template fits
» prescription for constructing probability density functions (pdfs) from small set of building blocks
> covers wide range of use cases, extensively used in ATLAS

» models can be serialized to workspaces
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https://cds.cern.ch/record/1456844

pyhf implements HistFactory (1)

« Until 2018, the HistFactory model had only been implemented in ROOT f

I Xrentiable

« pyhf implements the HistFactory model in pure Python Zikelihoods

> leverages tensor backends: efficient vectorized calculations & hardware acceleration

. . . . ) computational graph
- can automatically differentiate through statistical model (computational graph) for HistFactory

+ exact gradients for minimizers
+ enables end-to-end analysis optimization: neos V /E

- backend-agnostic API (andcCL)  TiIGCWa 5

\
4
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https://pyhf.readthedocs.io/
https://indico.cern.ch/event/1022938/contributions/4487419/

pyhf implements HistFactory (2)

« Until 2018, the HistFactory model had only been implemented in ROOT f

I Xrentiable

« pyhf implements the HistFactory model in pure Python Zikelihoods

» workspaces (statistical models) serialized to JSON — used by ATLAS to publish on HEPData ( )
- JSON Patch to swap out workspace components (e.g. signal model)

- versioned JSON schema describes the declarative model

Signal model A Signal model B
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https://pyhf.readthedocs.io/
https://www.hepdata.net/
https://pyhf.readthedocs.io/en/latest/citations.html#published-statistical-models

Working with cabinetry

 cabinetry is a Python library for creating and operating HistFactory models
> design and construct statistical models (workspaces) from instructions in declarative configuration
- analyzers specify selections for signal/control regions, (Monte Carlo) samples, systematic uncertainties
- cabinetry steers creation or collects provided template histograms (region ® sample ® systematic)
- cabinetry produces HistFactory workspaces (serialized fit model)
> perform statistical inference

- including diagnostics and visualization tools to study and disseminate results

cabinetry steering execution

Statistical Statistical
model Workspace analysis &

building diagnostics

I sy °

Event selection, .
systematic Histograms
uncertainties

Y
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Designing a statistical model

« Declarative configuration (JSON/YAML/dictionary) specifies everything needed to build a workspace

* can concisely capture complex region ® sample ® systematic structure

([
[ General: Systematics: =
Measurement: "Example" - Name: "Luminosity"
genera| settings InputPath: "'Lm)L|t/{§amplePaths}" Up: . ‘
HistogramFolder: "histograms/" Normalization: 0.05
e POI: "Signal_norm" Doy
alization: -0.05
= Regions: Sampl ["Signal", "Background"]
H - Name: "Signal_region" Ty "Normalization" .
list of phase space pnes Sne ek list of
i Variable: "jet_pt" Name: "ModelingVariation" H
reg|0ns (Channe|S) L Binning: [200, 300, 400, 500] Ok SyStematlc
— , ee: “events_up® uncertainties
Sampl ght: "weight_modeling"
"Data"
SamplePaths: "data.root" : "events_down"
"events" Weigh "weight_modeling"
thm: "353QH, twice"
I|St of Name : i Samples: "Background"
S 2Pat "signal.root" Type: "NormPlusShape" —
samples (MC/data) Tree: "events"
Weight: "weight_nominal" NormFactors: = IlSt Of
- Name: "Signal_norm"
"Background" Samples: "Signal" norma“zation
"background.root" Nominal: 1
"events" Bounds: [0, 10] - factors
- Weight: "weight_nominal"
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pyhf and cabinetry within the broader ecosystem

func_adl gzcabinetry

Modularity & Declarative
interfaces configuration

Statistical
Event selection, el Workspace Statistical y Result,'
systematic Histograms Bulling analysis diagnostics

uncertainties

o Ll N LY A

Data Selection & From workspaces Fit results Reusability

* 7 access systematic uncertainties to likelihoods and diagnostics and preservation
servicex AWkWard ? BOOS if recast
AYTr |stog ram p.j.f
differentiable

& A
UPI’OOt hep t abl e coffea . Falooce ' yadage

also: Fitting-As-A-Service -> not covered today
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https://github.com/gordonwatts/hep_tables
https://indico.cern.ch/event/1019958/timetable/#24-distributed-statistical-inf
https://coffeateam.github.io/coffea/
https://coffeateam.github.io/coffea/
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Links to pyhft

U Search projects Q

« pyhf:
> can beinstalled via $ pip install pyhf pyhf0.6.3

- pyhf [backends] for all tensor backends e :
pip install pyhf &

> is open source and

- developed on GitHub: scikit-hep/pyhf

pyhf

- pUb|IShed on PyPI Yikelihoods

pure-python fitting/limi

- documented on Read the Docs

+ contains links to talks / paper as well

- part of IRIS-HEP

- provides tutorials: pyhf.github.io/pyhf-tutorial

pyhf

Zikelihoods
pure-python fitting/limit-setting/interval estimation HistFactory-style

Alexander Held 9


https://github.com/scikit-hep/pyhf
https://pypi.org/project/pyhf/
https://pyhf.readthedocs.io/
https://iris-hep.org/projects/pyhf.html
https://pyhf.github.io/pyhf-tutorial/
https://pyhf.readthedocs.io/
https://github.com/scikit-hep/pyhf
https://pypi.org/project/pyhf/

Links to cabinetry

U Search projects Q

« cabinetry:
* can beinstalledvia $ pip install cabinetry
- cabinetry[contrib] for extra features
> is open source and

- developed on GitHub: scikit-hep/cabinetry

- published on PyPI

- documented on Read the Docs

+ contains links to talks / paper as well
- part of IRIS-HEP

- provides tutorials: cabinetry/cabinetry-tutorials

cabinetry 0.4.0

pip install cabinetry N

‘= README.md 4

b . t
codecov |100% | pypi package |0.4.0 | python 3.7 | 3.8 | 3.9 | code style black
DOI 10.5281/zenodo.4742752 | & Scikit-HEP Project

# cabinetry . .
# » cabinetry © Edit on GitHub

earch docs
[~ | -

Core concepts - -

Advanced concepts n -

Configuration schema

cabinetry

License

Alexander Held


https://github.com/scikit-hep/cabinetry/
https://github.com/scikit-hep/cabinetry/
https://pypi.org/project/cabinetry/
https://cabinetry.readthedocs.io/
https://iris-hep.org/projects/cabinetry.html
https://github.com/cabinetry/cabinetry-tutorials
https://cabinetry.readthedocs.io/
https://pypi.org/project/cabinetry/

Template histograms and workspace building

visualization of individual
template histograms

1) create template histograms from columnar data following config instructions 200 ¢ — nominal down (oriina)

1.7 up (original) --- down (modified)
=== up (modified)

- backends execute instructions (default: uproot, experimental: coffea) p12s | ssnasse

* Workspaces construction happens in three steps:

- alternatively: collect existing user-provided histograms o7 |

2) optional: apply post-processing to templates (e.g. smoothing) Zoo |

3) assemble templates into workspace (JSON file)

0.0 0.2 0.4 0.6 0.8 1.0
MVA classifier

« Utilities provided to visualize and debug fit model

Signal_region - ttH 350 [ Signal_region . ttH
pre-fit mm ttbar post-fit mm ttbar
B single top 300 B singletop A
77/, Uncertainty 77/, Uncertainty
¢ Data ¢ Data

event yield table

W22 %%
0.75—/ ” 7 i 4W

data / model
-
o

[0}
14.00 0.5

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
MVA classifier MVA classifier

Alexander Held


https://uproot.readthedocs.io/
https://coffeateam.github.io/coffea/

* Implementations for all common inference tasks exist

* includes associated visualizations

Statistical inference with cabinetry

likelihood scans

—2Alog(L)

-=-~ Gaussian approximation

# parameter scan

discovery significance

$
INFO

INFO
INFO
INFO
INFO

Signal_norm

0.8

signal_norm

jet energy scale NP 1

jet energy scale NP 2

ttbar x-sec

jet energy resolution
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ttbar parton shower

upper parameter limits
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Cls = 5%
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expected CLs =10

parameter correlations
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jet energy scale NP 2
single top x-sec
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jet energy resolution
ttbar ISR/FSR

ttbar parton shower

(6-60)/n6

nuisance parameter impacts

[ pre-fitimpact: 6 =6 + A8
[ pre-fitimpact: 6 =6 — A8

ttbar parton shower

jet energy scale NP 1
b-tag efficiency NP 2
jet energy scale NP 2

jet energy resolution

ttbar ISR/FSR

ttbar x-sec
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mmm post-fitimpact: 6= 6 + A8
mem post-fit impact: 6= 6 — A8
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Statistical analysis: the HistFactory model

« HistFactory is the standard model used in ATLAS for binned statistical analysis
» pyhf is a python implementation of this model
> the HistFactory model specifies how to construct the likelihood function
> cabinetry turns a declarative specification about cuts, systematics etc. into a statistical model

» pyhf turns that model into a likelihood function

unconstrained

parameters, e.g. POI prediction (summed constraint term (e.g.
b d dat over samples) Gaussian)
observed data l l

|
p(ﬁ/ |k 9>—HPons<n|v<k 0))- Hc<a|9>
!

auxiliary data, e.g. from

calibration measurement ~ constrained nuisance product over all

parameters bins in all channels
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https://cds.cern.ch/record/1456844/
https://pyhf.readthedocs.io/
https://github.com/scikit-hep/cabinetry/

Systematic uncertainties with HistFactory

« common systematic uncertainties specified with two template histograms o, fTTTTTT T T
v2.2 ;_ piecewise linear
> “up variation”: model prediction for 6 = + 1 e noa oxtap
18:_ poly-interp, expo extrap alla
> “down variation”: model prediction for 8 = — 1 1.6F 3z
: : : : - — 3 ELE
> interpolation & extrapolation provides model predictions v for any 6 1.2E 1=z
e 15
08F  wgownr  Nominal 3
_ . o , 0.6 3o
* Gaussian constraint terms used to model auxiliary measurements (in most cases) 0.4F 3
: 0.2F -
> centered around nuisance parameter (NP) P T TV TURTE TIVRT TOTTY IV TPPPU IO
2 15 -1 05 0 05 1 15 2
* normalized width (¢ = 1) and mean (auxiliary data a; = 0) / S
> penalty for pulling NP away from best-fit auxiliary measurement value ci(a;10)

—

p(. @ |k, 0)=[]Poisty|v(k, 0) - [[efa10) —>
l J

=P
I =P -
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https://cds.cern.ch/record/1456844

Working with an unknown workspace

* Pick a workspace from HEPData: 10.17182/hepdata.89408.v3 (analysis: |HEP 12 (2019) 060)

» download workspace with pyhf

. . . . . Search for bottom-squark pair production with the
> perform inference and visualize results with cabinetry ATLAS detector in final states containing Higgs

bosons, b-jets and missing transverse momentum

* See arXiv:2109.04981 and try it on Binder!

T T
40 r SR_metsigST ¢ Data 1 1.00
35 [ post-fit L Ljncertainty 1 staterror_CRtt_cuts
. . b 075
30 // B Diboson
. W FT_EFF_Light_systematics -
25 Single-top 030
é’ .+ X
920 tt 1 mu-zq 0.25
w .z
nly.json")
',:)/ S, 15 mu_ttbar{ -0 0.00
10
ttbar_Gen 4 —0.25
5
-0.50
0 ttbar_ISR_Up 4
g 1.5
o~ ) J? v/ i -0.75
E 1.0 /{/ /% staterror_CRz_cuts -
5 2 X7
é 0.5 ~1.00
0.0 s
SR1 SR2 SR3 SR4 &
&
Signal Region 'S@é
&

(workspace contains additional
channels not shown here)
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https://doi.org/10.17182/hepdata.89408.v3
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-31/
https://arxiv.org/abs/2109.04981
https://mybinder.org/v2/gh/cabinetry/cabinetry-tutorials/master?filepath=HEPData_workspace.ipynb

Control flow & duplication of information

demonstrated today execution steered by cabinetry the future (?)
configuration / I 1 shared
hardcoded configuration configuration | , .
information 1 configuration
\_nforpation _/ N
build L assemble build > assemble build ] assemble
histograms workspace histograms = workspace histograms workspace
ServiceX, ServiceX, ServiceX,
coffea, coffea, coffea,
etc. etc. etc.
1) user builds histograms 1) cabinetry determines & builds required histograms 1) user builds histograms using info in shared config
2) cabinetry assembles workspace 2) cabinetry assembles workspace 2) cabinetry assembles workspace
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