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We traditionally perform analyses using analysis software frameworks:

e Frameworks are based on general purpose languages like _ Jp .
C++ / Python, J» l‘ t W'<:j
e Physics content and technical operations are intertwined, §>'W

e (Code hard to read, maintain and communicate.
with the y? defined as:

2 _ (mp, i j, = mbziafa)z iy (mjljz B mwc)z (mjsjy — mW )2
N 4 .
e Could there be an alternative way that... Tmpj;

o Allows more direct interaction with data

o Decouples the physics information from purely technical tasks, thereby shifting the focus
to the physics algorithm

o Improves the clarity and accessibility of analysis logic, and thereby its communicability
and preservation? 2
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!i( -! Analysis Description Language for HEP
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ADL is a declarative domain specific language (DSL) that describes the physics content of a HEP
analysis in a standard and unambiguous way.

e External DSL: Custom-designed syntax to express analysis-specific concepts. Reflects
conceptual reasoning of particle physicists. Focus on physics, not on programming.
Declarative: States what to do, but not how to do it.

Easy to read: Clear, self-describing syntax.
Designed for everyone: experimentalists, phenomenologists, students, interested pubilic...

ADL is framework-independent —> Any framework recognizing ADL can perform tasks with it.

Decouples physics information from software / framework details.

Multi-purpose use: Can be automatically translated or incorporated into the GPL / framework
most suitable for a given purpose, e.g. exp. analysis, (re)interpretation, analysis queries, ...
Easy communication between groups: exp., pheno, referees, students, public, ...

Easy preservation of analysis logic.



# OBJECTS

object goodMuons
take muon
select pT(muon) > 20
select abs(eta(muon)) < 2.4

object goodEles
take ele
select pT(ele) > 20
select abs(eta(ele)) < 2.5

# EVENT VARIABLES
define HT = sum(pT(goodJets))

define MTI = Sgrt( 2*pT(goodLeps[0]) * MET*(1-cos(phi(METLV[O]) - phi(goodLeps[0]) )))

# EVENT SELECTION
region baseline
select size(goodJets) >= 2
select HT > 200
select MET /HT <=1

region signalregion

object goodLeps baseline
take union(goodEles, goodMuons) select Size(goodLeps) ==
select dphi(METLV[O], jets[0]) > 0.5
object goodJets
take jet region controlregion

select pT(jet) > 30
select abs(eta(jet)) < 2.4
reject dR(jet, goodLeps) < 0.4

baseline
select size(goodLeps) ==
select MTl <120

ADL implementations of some LHC analyses:

h

t

inputobjects derivedobjects regions

goodJets
baseline
/ Y
signalregion controlregion

susysimple.adl

tps://qithub.com/ADL4HEP/ADLLHCanalyses 4
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M ™ The ADL construct

ADL consists of

® a plain text file (an ADL file) describing the

analysis logic using an easy-to-read DSL
with clear syntax.

® a library of self-contained functions

encapsulating variables that are non-trivial
to express with the ADL (e.g. MT2, ML
models). Internal or external (user)
functions.

ADL syntax with usage examples: link

® ADL file consists of blocks separating object,

variable and event selection definitions.
Blocks have a keyword-instruction structure.

® keywords specify analysis concepts and
operations.
blocktype blockname
keyword1 instructionl

keyword1 instruction2
keyword3 instruction3 # comment

® Syntax includes mathematical and logical
operations, comparison and optimization
operators, reducers, 4-vector algebra and
HEP-specific functions (d¢, dR, ...).

LHADA (Les Houches Analysis Description Accord): Les Houches 2015 new physics WG report (arXiv:1605.02684, sec 17)
CutLang: Comput.Phys.Commun. 233 (2018) 215-236 (arXiv:1801.05727), Front. Big Data 4:659986, 2021

Several proceedings for ACAT and vCHEP



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ADL
https://arxiv.org/abs/1605.02684
https://arxiv.org/abs/1801.05727

Once an analysis is written, it needs to run on events.

ADL is multipurpose & framework-independent: It can be translated / integrated into any language or
framework for analysis tasks:

Experimental / phenomenology analysis model with ADL

« ADL file —| Runtime | : CutLang Y ™7 e Cutflows,

. self interpreter - F========--smcomcmmammnmaaa ! counts
contained path Other interpreters ... « Histograms
functions > * Selected
for lcomplex Transpiler |—| GPL code events
variables L o emmmmmmmm- | kememmaaaaaas . ¢ Other results

* events with Transpiler/| | adi2tnm | standalone . * Analysis
any format '-| compiler |*| { | C++code 4 | provenance

path Other Other
transpilers GPL code

Physics information is fully contained in ADL. Current compiler infrastructures can be easily
replaced by future tools / languages / frameworks. 6



e

CutLang runtime interpreter:
e No compilation. User writes an ADL file and

runs CutLang directly on events.

e (CutlLang itself is written in C++, works in any
modern Unix environment.

e Based on ROQT classes for Lorentz vector
operations and histograms.

e ADL parsing by Lex & Yacc.

e Execution via double-linked lists of func. ptrs.

CutLang Github repository: https://github.com/unelg/CutLang

Comput.Phys.Commun. 233 (2018) 215-236 (arXiv:1801.05727),

'i(t ' CutLang (CL) runtime interpreter and framework

Front. Big Data 4:659986, 2021 (arXiv:2101.09031),
Several proceedings for ACAT and vCHEP

CutLang framework: interpreter + tools

e Input events via ROQT files.

o multiple input formats: Delphes, CMS
NanoAOD, ATLAS/CMS Open Data,
LVLO, FCC. More can be easily added.

o All event types converted into predefined
particle object types. —> can run the
same ADL file on different input types.

e Includes many internal functions.

e Output in ROOT files: ADL file, cutflows,
bins and histograms for each region in a
separate directory.

e Available in Docker, Conda, Jupyter (via

Conda or binder). (win/lin/mac + portables)
7


https://github.com/unelg/CutLang
https://arxiv.org/abs/1801.05727
https://arxiv.org/abs/2101.09031

- ADL scope

® Event processing: Priority focus!
Event processing...

input: output:
event * I._ HE EEm § . . S = EEm B d [ ] event_
content simple and event variable event selection selection
composite definitions (M., definitions
object angular variables, (signal, control,
definitions (jets, BDTs...) validation
muons, WSs, regions, ...)
RPV stops, ...)

® Analysis results, i.e. counts and uncertainties: Available
® Histogramming: Available => HistoSets, 1D, 2D, variable width...

® Systematic uncertainties: ATLAS type syntax now available.

Analysis system

Histograms,
visualization

statistical

inference

Workflow
management

® Operations with selected events, e.g. background estimation, scale factor derivation: Very

versatile. Not yet within the scope.




~ ADL syntax:

main blocks, keywords, operators

Block purpose

Block keyword

object definition blocks object
event selection blocks region
analysis or ADL information info
tabular information table
Keyword purpose Keyword
define variables, constants define
select object or event select
reject object or event reject
define the mother object take
apply weights weight
bin events in regions bin, bins
sort objects sort
define histograms histo
save variables for events save

Operation Operator
Comparison operators > <=>ms ==
b P [ (include) ][ (exclude)
Mathematical operators +-%/A
Logical operators and or not
condition ? truecase :
Ternary operator
falsecase
~= ~'
Optimization operators (eleEEiee) = (s
from)
" LV1 + LV2
Lorentz vector addition V1 LV2

Syntax also available to write existing analysis results
(e.g. counts, errors, cutflows...).

Syntax develops further as we implement
more and more analyses.

ADL syntax rules with usage examples: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ADL



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ADL

>
*;{J ™ ADL syntax: functions

Standard/internal functions: Sufficiently
generic math and HEP operations could be a
part of the language and any tool that
interprets it.

® Math functions: abs(), sqrt(), sin(), cos(),
tan(), log(), ...

® Collection reducers: size(), sum(), min(),
max(), any(), all(),...

® HEP-specific functions: dR(), dphi(), detal(),
m(), ....

®Object and collection handling: union(),
comb()...

External/user functions: Variables that cannot
be expressed using the available operators or
standard functions would be encapsulated in
self-contained functions that would be
addressed from the ADL file and accessible by
compilers via a database.

®\/ariables with non-trivial algorithms: M.,
aplanarity, razor variables, ...

®Non-analytic variables: Object/trigger

efficiencies, variables/efficiencies computed
with ML (implemented via ONNX), ...

ADL syntax rules with usage examples: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ADL

10


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ADL
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%)7‘:(& Systematics in ADL (ATLAS style)

® All necessary information already in the NTUPLE (incl. up & down variations)
-3 weight_jvt
® as event weights (TBranch) ¥k weight_pileup_UP

-3 weight_pileup_DOWN

ON/OFF Name of the UP systematics Name of the DOWN systematics Name of the nominal branch
systematic ON "weight_pileup_UP" "weight_pileup_DOWN" weight_pileup
D
= systematic ON "weight_leptonSF_EL_SF_Trigger_UP" "weight_leptonSF_EL_SF_Trigger_DOWN" weight_leptonSF
_| systematic ON "weight_leptonSF_EL_SF_Reco_UP" "weight_leptonSF_EL_SF_Reco_DOWN" weight_leptonSF
D systematic ON "weight_leptonSF_EL_SF_ID_UP" "weight_leptonSF_EL_SF_ID_DOWN" weight_leptonSF
systematic ON "weight_leptonSF_EL_SF_Isol_UP" "weight_leptonSF_EL_SF_Isol_DOWN" weight_leptonSF
<E |systematic ON "weight_leptonSF_MU_SF_Trigger_STAT_UP" "weight_leptonSF_MU_SF_Trigger_STAT_DOWN" weight_leptonSF
(: systematic ON "weight_leptonSF_MU_SF_Trigger_SYST_UP" "weight_leptonSF_MU_SF_Trigger_SYST_DOWN" weight_leptonSF
-— systematic ON "weight_leptonSF_MU_SF_ID_STAT_UP" "weight_leptonSF_MU_SF_ID_STAT_DOWN" weight_leptonSF
- #|MUON_SCALE__1down;1
- #|[MUON_SCALE__1up;1

@ [+~ % |nominal;1
U— systematic ON "MET_SoftTrk_ResoPerp" "MET_SoftTrk_ResoPara" ttree
1 systematic ON "MET_SoftTrk_ScaleUp" "MET_SoftTrk_ScaleDown" ttree

systematic ON "MUON_ID__ l1up" "MUON_ID__1down" ttree
D systematic ON "MUON_MS__ 1up" ""MUON_MS__1down" ttree
<E systematic ON "MUON_SAGITTA_RESBIAS_ 1up" ""MUON_SAGITTA_RESBIAS__ 1down" ttree

systematic ON "MUON_SAGITTA_RHO__ lup" ""MUON_SAGITTA_RHO__1down" ttree
g systematic ON "MUON_SCALE__1up" "MUON_SCALE__1down" ttree



Physics with ADL / CL

Designing new analyses:
e Experimental analyses:

o 2 ATLAS EXO analyses ongoing: VLQ & VLL
e Phenomenology studies:

o EG6 isosinglet quarks at HL-LHC & FCC w/
CutLang (Eur Phys J C 81, 214 (2021))

e Analysis of LHC Open Data:

o Tutorial with full implementation of a CMS
vector-like quark analysis with 2015 data for
CMS Open Data workshop : link

o Other exercises for earlier workshops and the
CERN summer student programme.

e Analysis optimization via differentiable
programming (under development).

Using existing analyses:

ADL analysis database with LHC analyses:
https://github.com/ADL4HEP/ADLLHCanalyses
https://github.com/ADL4HEP/ADLAnNalysisDrafts

(more being implemented).

Validation of these analyses in progress.

e Using EMCreator, a MC -> detector sim ->
ADL/CL -> limit setting chain.

e Reinterpretation studies:
o Integrated ADL/CL into the SModelS framework

e Analysis queries, comparisons, combinations:

o Automated tools under development

e |Long term analysis preservation
12


https://arxiv.org/abs/2006.10149
https://cms-opendata-workshop.github.io/workshop2022-lesson-run2-adlcl/
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!i( 'ADL for reinterpretation & preservation

/
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ADL allows practical exchange of experimental analysis information with the pheno community.

e Clear description of the complete analysis logic.

Enables straightforward adaptation from experiments to public input event formats.
¢ Biggest difficulty is in reproducing an analysis is adapting object definitions:
In ADL, e.g. just swap experimental object IDs with numeric efficiency maps.

e Event selections stay ~the same (can swap trigger selections with efficiencies)

e Generic structure available for expressing analysis output in the ADL file:
Data counts, BG estimates, signal predictions —> counts, uncertainties, cutflow.

e Running CutLang puts preexisting results in histograms with the same format as the run output.
—> Direct comparison of cutflow values and limit calculations.

e ADL could facilitate providing information on analysis results to HEPDATA or similar platforms.

13



?jviré/ ADL/CL and LHC Open Data - |

ADL/CL can be used to run analyses with ATLAS (educational) and CMS (research) open data.

e Use related to reinterpretation: Provide capability to re-optimize and re-run recasted analyses from
ADL database to maximize sensitivity to new models.

e A first example / tutorial for “reinterpretation with open data” was prepared using ADL/CL for the
2023 CMS Open Data Workshop in June 2023.

o Study exact and “optimized” reinterpretation of a ttbar analysis for vector-like T quark signal.

o Focus on re-optimizing the analysis to enhance sensitivity to VLT.
Complete tutorial link.

o Runs on a full set of relevant open data & MC events.

o Runs on a docker container hosting CutLang, ROOT, xrootd access to open data, and VNC.

e Earlier complete tutorial for 2022 CMS Open Data Workshop — reimplement CMS Run 1 vector-like
quark analysis with boosted W and Higgs bosons, CMS-B2G-16-024:

o Complete tutorial link

14


https://indico.fnal.gov/event/58914/timetable/
https://cms-opendata-workshop.github.io/workshop2022-lesson-run2-adlcl/
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- ADL/CL and LHC Open Data - Il
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g 10 rm— Data, BG and 2 VLT 3 10F . == B
1 . . o E — TT1200
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o . £ L
3 mass for the ttbar analysis =k
5 selection.
Top candidate mass pT and L
ST after re-optimizing ’Fhe - T aaan SURINEENS
ttbar selection by adding "top cand. pT (GeV)"
1000 1500 2000 several new cuts. s ¢ P
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10 . .
1 Cutflow histograms automatically
Ve, s%rs,zj,,m,s}s,ze,% i ,(% ,z.,,,,,%,z‘,,,,kq e generated by CutLang. 5

cutflow event counts



CutLang Latest developments

Possibility to interface with chatGPT v4 to start
writing an ADL analysis or a paper from an ADL

NN models can be executed via ONNX files

define NNvars = { size(JET) pT(JETI[0])

Direct Access to all NTUPLE variables directly o el e B eY

define NNdisc4J = OME ( "SUSY-2019-04-ONNX/SUSY-2019-04_4jets.onnx" , NNvars)

Guesstimating variables via Levenshtein diStanCe (ierine ndiscs) = oME ( “SUsY-2019-84-0NNX/SUSY-2019-84_5]ets . onnc” . NNvare)
define NNdisc6J = OME "SUSY-2019-04—-0NNX/SUSY-2019-04_6jets.onnx" , NNvars)

H H H _ H define NNdisc7] = OME "'SUSY-2019-04—-0NNX/SUSY-2019-04_7jets.onnx" , NNvars)
Better event weighing with N-Dim tables define NNdisc8) = OME ( "SUSY—2019-04ONNX/SUSY—2019-04 8]cte. onnx" . NNvare)

—_~——

Speed optimizations object godJets : JET

select pT(JET) > minPT

Printing event and ntuple variables for DBGing

region NNj
Histogram Lists added S A e = 0
select size(goodJets) > 1
Jet constituents added select Malsch) > 2.

1
0.2
select NNdisc6J > 0.3
select NNdisc7] > 0.5

MetSignificance added e

Bitwise operators added

H B R

Delta and Heaviside functions added 16



Starting an analysis

#CLA TwoJetTwoMuonEvents

object goodMuon : MUON
select Pt(MUON) > 15
select AbsEta(MUON) < 2.4

object goodJet : JET
select Pt(JET) > 30
select AbsEta(JET) < 2.4

define Zcandidate : goodMuon[0] goodMuon[1]
define Wcandidate : goodJet[0] goodJet[1]
define chargedHiggsCandidate : Zcandidate Wcandidate

algo TwoJetTwoMuonAnalysis
select ALL
select Size(MUON) >= 2
select Size(goodMuon) ==
select Size(JET) >=2
select Size(goodJet) ==

Select events with two jets, two muons. Make a Z from the muons and make a W from two
jets. Plot the invariant masses of both bosons. Then add the two bosons as a charged higgs
candidate. Plot the invariant mass of the new object.

Here is the updated CutLang analysis that selects events with two jets and two muons,
creates a Z boson candidate from the muons, a W boson candidate from the jets, and finally,

a charged Higgs candidate from the Z and W bosons. The invariant masses of the Z and W

boson candidates and the charged Higgs candidate are plotted in histograms:

histo hZcandidateMass, "Invariant mass of Z candidate (GeV)", 100, 60, 120, m(Zcandidate)
histo hWcandidateMass, "Invariant mass of W candidate (GeV)", 100, 40, 140, m(Wcandidate)
histo hChargedHiggsCandidateMass, "Invariant mass of charged Higgs candidate (GeV)", 100, 100, 500, m(chargedHiggsCandidate)



A

e

ADL helps to design and document a single analysis in a clear
and organized way.

BONUS: Library functions guaranteed to be bug free*

WYGIWYS analysis, no double counting, correct sorting, x2
evaluation, combinatorics, unions...

Its distinguishing strength is in navigating and exploring the
multi-analysis landscape:

R e e —

—— ’ S
(_"as much as possible



'i( 'Uses for analyses written with ADL

L

Use existing analyses to design new ones: Answer questions such as

o “Which final states did the existing analyses look at?”

o “Which final states are unexplored?”

o “How much overlap exists between my analysis and the existing ones?”

Use existing objects:
o Directly implement in a new analysis, compare analyses choices, work with definition of the
same object in different data tiers.
Visualize & review analyses:

o Build graphs and tables from analyses using automated tools.

Query analysis or object databases: Answer via automated query tools questions such as

o “Which analyses require missing ET > at least 300?”

o “Which analyses use b-jets tagged with criterion X? ”, “Which muons use isolation?”
Compare / combine analyses: Determine analysis overlaps, identify disjoint analyses or search
regions; find the feasible combinations with maximal sensitivity; automate large scale
combinations of analyses.

Reinterpretation: Reimplement & validate analyses for reinterpretation in new models and new
parameter space regions.
Education: Provide a learning database for students. 19



(& \V\Qf?\ 'Next steps

gt

ADL / CL in its current state is already capable of substantial physics studies.

However, to realize the distinctive objectives of this ecosystem, we must
enhance its underlying technology through a more professional and refined
approach.

The following will focus on such developments in progress or being planned.

20



Modular Design

e Developed with software engineering principles around compiler design.

® Front end parsing focuses on building an Abstract Syntax Tree (AST).

o Use of an AST lends itself to the modular design.
o Intermediate representation of the ADL file.

e Maintainability is improved by modularizing the functionality.
o Many passes can be made over the AST to perform various tasks.
m Set symbol table of objects, definitions, and regions.
m Semantic checks. (ie. declare before use, type checks)
m Translation into CutLang data structures (work in progress).
m Logic checks for regions/objects (coming in the future).

21



Abstract Syntax Tree

ObjectNode
e AST takes on a “flat” design.
o ADL uses sequences of instructions.
o Each “block” node is held in a vector. ‘
e EX. object aMuon
select pt(Muon) > 30
select abseta(Muon) < 5 SELECT e

ObjectNode | ObjectNode | ObjectNode
AxAx Zx =

22



Abstract Syntax Tree

e Put together in a sequence of “block” nodes.
o Traversal entails crawling through sequence and diving to the leaves of each “block”.

e Semantic analysis done through many traversals of the AST.
e The AST allows for on-the-fly creation of helpful diagnostic tools.

| >

DefineNode | DefineNode | ... |ObjectNode | ObjectNode ... | CutNode CutNode

"AX FxER Tk X

23



Automatically generate diagnostic tools

e A walk through the AST can be done to generate a “flowchart”.

o Map of object and region relationships.
o Can be used to identify missed or erroneous connections.

e Previously flowcharts had to be generated by hand.
e Now, with the type information available in a symbol table and with the AST,
they can be generated automatically.

e Similarly, a visual of the AST is generated.
o Less helpful for physics, but useful as a development tool.

e In the future we will generate tables automatically.

24



Flowchart (automatically generated)

Y

e X PSsk ey >, | 4 A S
bvetoltagCR ‘ bvetoOtagCR bvetoSR ‘ btagH btagHW ‘ ‘ btagW btagHWantitag btagHantitag btagWantitag

CMS-SUS-21-002.adl

25



Flexible function & particle encoding

e Function and particle names matched to an external library.
o This allows for a more flexible system.
o Does not require direct maintenance on the core code.
o Easily link to different function implementations.
o Improves portability between data formats.

e Similarly, attributes (pt, eta, mass, etc...) are removed from the grammar.

o New attributes can also be added to an external library.
o Attributes at their core are function calls.
m The advantages gained by removing functions is also gained by attributes.

e In the future it will be possible to link to precompiled functions.
o  Simplifies the workflow for analysis by saving time and effort around technical details.

26



Future functionality

e Querying an ADL files database for use of objects, variables and cuts.

e Logic checks to test for coherent region selections. (objects too!)
o Check for conflicts in regions that “take” from another region.

o e.qg.
region baseline region TopcategoryCRL
select Size(AK4jets) >= 3 baseline
select MR > 800 select MR < 800

e Use logic checks for disjoint/non-disjoint regions.
o Allows for faster analysis decisions.
o First implementation for a single ADL file.
o  Future implementation for many ADL files.

27



Automatic reasoning for disjoint / non-disjoint regions

var2 var2
Anl B Anl B
Anl A Anl A l
var1' var17
Anl A and Anl B disjoint. Anl A and Anl B overlap.
Can combine. Cannot combine.

*from talk Creative Uses of ADL - Sekmen, Unel

var2

>

vari

Use Anl A and B ADLs to
determine the boundaries
of the overlap region.

Partition phase space into
non-overlapping fragments
and rerun analysis.

28


https://indico.cern.ch/event/1213085/contributions/5150741/attachments/2551840/4396218/CreativeUseADLCLWSKNU2211.pdf

Automatic reasoning for disjoint / non-disjoint regions

e Crucial step in analysis, and a unique feature of ADL.
e The feature will encode each region as a conjunction of statements.

e Two region’s conjunctions will be checked for satisfiability.
o Satisfiable conjunctions indicate non-disjointedness.
o Unsatisfiable conjunctions indicate disjointedness.
e Further, logic solvers can provide models on satisfiable queries.
o Models will help identify which statements are responsible for any overlap.
e [nitially we will have this analysis over a single ADL file.

o The dream is to have this analysis over many ADL files.
o  This will require identifying differently named but identical properties between files.

29



Logic = Calculus in Computer Science

* Wide applications in Computer Science
* Wherever there is a need to solve computational tasks

* Use of unified mathematical language
* To model software and hardware designs

* Algorithms are practical and driven by heuristics
e Although in theory the tasks may be unsolvable

* Trustable solutions
* Solutions made by one tool can be rechecked by another tool

30



Correctness is relative

* A piece of software is correct relative to a specification of its
intended behavior

* Correctness = implementation and specification are consistent

CORRECT OR INCORRECT?

e
A \ K

' v > (| H Y
THAT'S RELATIVE TO,THE SPEC!

31



SAT: Boolean Satisfiability

Given a Boolean expression, using “and”, “or”, and “not”

* |s there an assignment of true and false to the variables that
makes the expression equal true?

Example:
e (zV-y)A(xVzVw)A-zA(wVy)
e Solution: = =y =w = true, z = false
DPLL (Davis-Putnam-Logemman-Loveland, ‘60)
* Smart enumeration of all possible SAT assignments

Many heuristics used by modern tools
* Allow solving instances with millions of variables

32



SAT: Speedup over 20 years

* Modern tools scale to millions of variables
* (From M. Vardi, https://www.cs.rice.edu/~vardi/papers/highlights15.pdf )

1,000

[ 111

100

[ T T

Speed-up (log scale)

[ TTITI
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Summary

ADL is a formally defined framework-independent language for describing,
and, therefore, preserving, LHC analyses.

ADL is executable either through direct runtime interpretation, using the
CutLang interpreter, or through source to source compilation from ADL to a
general-purpose target language such as C++ or Python.

State-of-the-art compiler tools have been developed and CutLang is being
re-engineered to use them. These tools, and others that are needed for new
ADL features, will be the basis of ADL source to source compilers.

We plan to research the use of formal language verification systems to solve
real-world analysis problems and, where possible, implement solutions.

We are looking forward to find areas of collaboration with the IRIS-HEP
community.

34
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SMT: Satisfiability Modulo Theory

Satisfiability of Boolean formulas over atoms in a theory
* Eg, zz>2xy—1Ay<4
* Asolution: x =y =0

Extends syntax of Boolean formulas with functions and predicates
* +, -, div, select, store, bvadd, etc.

Existing solvers support many theories useful for program verification
* Equality and Uninterpreted Functions: ==y = f(z) = f(y)
* Real/Integer Linear Arithmetic: > 2xy—1Ay <4
* Unbounded Arrays: A = store(B, 1, select(C, j))
* Bitvectors (a.k.a. machine integers):y =z >> 4ANz=y & «x
* Floating point: 0.1 xz = 3.6 x y

Solving based on SAT

* As well as multiple heuristics for the theory reasoning



Software Bounded Model Checking

Loops and recursion unrolled
* Up to a given bound and recursion depth

Program encoded into a monolithic BMC formula
* Via constructing a Static Single Assigned Form

BMC formula conjoined with the bad states expression
* To encode an undesired behavior

Satisfiability check by a SAT/SMT-solver

e UNSAT -> Program is safe
e SAT -> Error found
* An interpretation identifies an error trace

Many tools available
* E.g. CProver-based tools (CBMC, FunFrog)
* Need a preprocessor (e.g. Goto-CC)



CheckMate

double HT 0.5

for(int j = 0; j < hardjets.size(); j++)
HT += hardjets[j]->PT;

double mEffincl = HT + missingET->PT;

double mEff2 = missingET->PT + jets[0]->PT + jets[1]->PT;
double rEff2 = missingET->PT/mEff2;

double mEff3 = 0;
if (jets.size() >= 3)
mEff3 = mEff2 + jets[2]->PT;
double rEff3 = 0;
if (jets.size() >= 3)
rEff3 = missingET->PT/mEff3;

double mEff4 = 0;
if (jets.size() >= 4)
mEff4 = mEff3 + jets[3]->PT;
double rEff4 = 0;
if (jets.size() >= 4)
rEff4 = missingET->PT/mEff4;

Rivet

MadAnalysis

const Jets jets =
applyProjection<JetAlg> (evt, "Jets").jetsByPt (20%GeV);
foreach (const Jet& j, jets) {
foreach (const Particle& p, j.particles()) {
const double dr =
deltaR (j.momentum(), p.momentum());

// Muons
for(unsigned int mu=@; mu<event.rec()->muons().size(); mu++)
{
const ReclLeptonFormat *CurrentMuon = &(event.rec()->muons()[mul);
if(CurrentMuon->pt()>10. && fabs(CurrentMuon->eta())<2.7)
Muons.push_back(CurrentMuon) ;



