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LHC timeline
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Monte Carlo tools & discoveries at the (HL)LHC

{ Searches for newTe\tscale physics still l
r

one of the main goals in the coming yea

A Theoretical model building offers a vast number of models with particles in the
LHC reach

A Experimental papers cover only a small fraction of existing models

A We need tools to cover the gap and: assess viability of models, guide future
searches, looking for blind spots

A Computer tools are essential: Monte Carlo generators, fast detector
simulators, cross section calculators

A We need tools to analyze MC output easily and compare it quickly and reliably
with existing experimental exclusions

[ This is the main purpose of recastingools ]




1909.03460v2 [hep-ex] 7 Jan 2020

arXiv

Reinterpretation/recasting in a nutshell

Monte Carlo
Signal events enerator

Lagrangianand

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN) i n e g h e p m C
.g.,
param eters
(TS ] Sy s 1m0 format

CMS-5US-19-005

Searches for physics beyond the standard model with the Tu ne d d ete Ctor

M, variable in hadronic final states with and without . .
disappearing tracks in proton-proton collisions at Simu I atIO n y

V5 = 13TeV e.g. DelpheS

The CMS Collaboration*

formed using events with hadronic jets and significant transverse momentum imbal-
ance. The results are based on a sample of proton-proton collisions at a center-of-mass
energy of 13 TeV, collected by the CMS experiment at the LHC in 2016-2018 and corre- R t d
sponding to an integrated luminosity of 137 fb~'. The first search is inclusive, based eC aS CO e
on signal regions defined by the hadronic energy in the event, the jet multiplicity,
the number of jets identified as originating from bottom quarks, and the value of the
kinematic variable My, for events with at least two jets. For events with exactly one
jet, the transverse momentum of the jet is used instead. The second search looks in
addition for disappearing tracks produced by BSM long-lived charged particles that
decay within the volume of the tracking detector. No excess event yield is observed
above the predicted standard model background. This is used to constrain a range of
BSM models that predict the following: the pair production of gluinos and squarks
in the context of supersymmetry models conserving R-parity, with or without inter-
mediate long-lived charginos produced in the decay chain; the resonant production
of a colored scalar state decaying to a massive Dirac fermion and a quark; or the pair . . .
roduction of scalar and vector leptoquarks each decaying to a neutrino and a top, -
T:Pmtlnm. or light-flavor quark. In nl?mlqof the cases, IheslfesElls obtained are the molc:;)l Statl Stl Cal eval u atl O n .

stringent constraints to date.

database

Allowed or Excluded

“Published in the European Physical Journal Cas doi:10.1140/epjc/s10052-019-7483-x."

Abstract
Two related searches for phenomena beyond the standard model (BSM) are per- An aIyS |S se I e Ct | on J C Od e d an alys es




LHC Reinterpretation Working Group

The purpose of theREI Wds to discuss topics related to the BSM (re)interpretation of LHC data,
including the development of the necessary public recasting tools and related infrastructure, and to
provide a platform for a continued interaction between theorists and with the experiments. The recent
topics:

the publication and reuse of statistical models

the reinterpretation of analyses that employ machine learning

global analyses and global fits

preservation of data and methods for replication/reanalysis in future: for @ance in a lifetime
experiment, we want to make sureall the necessary information is provided and understandable for
people outside of a particular analysis

To T T Do

(Re)interpretation of the LHC results for new physics

Feb 25-28, 2025
CERN

Europe/Paris timezone

Overview Participant List https://indico.cern.ch/event/1466101
Timetable 130 participants


https://lpcc.web.cern.ch/content/lhc-rei-wg
https://indico.cern.ch/event/1466101/

Relnterpretatlon codes on the market
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Full analysis flow
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Why bother with analysis preservation?

» All searches should be re-exploitable:

* Able to constrain another model in a similar signature.
Repeating searches because we didn't correctly preserve/
present past results is inefficient and unacceptable.

» Serious focus on analysis preservation and re-
interpretability. Results should still be re-useable until next
hadron collider comes online in half a century.

* On some topics, the Run2+3 searches will be the last word. We

need to get this right NOW. F A R
indable ceessible Interoperable eusable
« On a human level, knowing one is working on a long-impact O Qb 0“
publication is more motivating V4 O ?-&

My pitch to my ATLAS colleagues !

Louie Dartmoor Corpe (Clermont-Ferrand)

CLERMONT-FERRAND



Recasting in practice from LEP to LHC
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https://arxiv.org/abs/0810.3924
https://delphi-www.web.cern.ch/pubxx/delnote/public/2003_002_phys_928.pdf
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https://arxiv.org/abs/2511.23133
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INHIEINHGIVIAVNE

ACheckMATESs a general tool for recasting arbitrary model

AAccepts events as hepmc, .Ihe; integration with Pythia andviadGraph
Abased on Delphesfor detector simulation

Ausingexisting LHC searches calculates a limit on a given parameter point
AFrom SLHA file to the limit in one click

Aone can easily constrain models that were not covered in the original
ATLAS/CMS search

Acurrently more than 50 searches at 13¥eVcoded, including 25 with full Run 2
luminosity

Along-lived particles branch
A https://checkmate.hepforge.org/ and https://github.com/CheckMATE2/checkmate?

15


https://checkmate.hepforge.org/
https://checkmate.hepforge.org/
https://github.com/CheckMATE2/checkmate2

Input Possibility A

- MG5 command (= model + process)
- SLHA file
- optionally: cross section or K-factor

Input Possibility B

- SUSY process and/or .in Pythia settings file
- SLHA file
- optionally: cross section or K-factor

1
1
1
1
1
1
1
1
1
1
1
L

Input Possibility C

- .lhe files
- optionally: cross section or K-factor

Input Possibility D

- .hep or .hepmc events
- cross sections

Input Possibility E

- Delphes .root files
- cross sections

Experimental
Publications

- E E E E EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

- ~

CheckMATE

-~
-

-~

~

MG5 aMC@NLO

-p>| - generate .lhe files for 'any’' model

partonic LHE files

R F

Pythia

- Generate SUSY events or shower provided .lhe files
- Merge .lhe files with different jet multiplicities

Delphes

Simulate track reconstruction and energy deposits

Perform energy/momentum smearings on reconstructed objects
Cluster jets

Evaluate total missing energy

mmsmemm====hk
1
1
1
1

ER I

-----------+¥ Analysishandler

e e e ===k

- Apply identification efficiencies for photons and leptons

Output

Evaluation

- For all signal regions...
... theoretical signal / experimental upper limit
... CLs(signal, background, observed)

- State if input is excluded or allowed

- Find signal region with largest expected exclusion potential
- compare expected signal to experimental observation

[ |
[ |
o:’ - Apply tagging efficiencies for b- and tau-jets
.\Qfa P | - Checks isolation conditions that are required for the various analyses
oL’ 1
L’
V24 1
O e
A ]
é{&l’ 1
¢ 1
. : i Analyses
+" analysis '
s‘ procedures - I:' - Perform overlap removals, trigger efficiencies, kinematical cuts
. 1 - Follow experimental analyses as closely as possible
‘~¢0 1 - Count how many events fall into various signal regions
a2 ;
4 . ] TRAl
0p Do [N ]
d‘”@ QC’(&\@"O : 1 e T #events of different signal regions
"b@ O}g:" ' (summed over all input events)
@ Yy !
©p, ! 1
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Particle detector in a nutshell

I I I I T | i |
om m 2m 3m Am 3m om "
Key:
........... Muon
=~ Electron
Hadron (e.g. Pion)
----- Photon
.......... from return yoke interspersed
) e with Muon chambers
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Detector simulation

Delphes 3.4 / 3.5

@ Simulates tracking and energy deposition
@ Applies efficiencies for photons and leptons
@ Clusters jets

@ Performs energy/momentum smearing of all
reconstructed objects

DELPHES

@ Evaluates total missing energy fast simulation

@ Checks isolation conditions for photons and leptons

@ Applies b-/ tau-tag on jets

CheckMATE improvements

@ Added identification and isolation flags

@ Tuned to reproduce LHC detectors:

o ATLAS for 13 TeV Run; updates in progress
o CMS work in progress

18



CheckMATE ATLAS analyses

#Name
atlas 1604 01306
atlas 1605 09318
atlas_ 1609 01599
atlas 1704 03848
atlas_conf 2015 082
atlas conf 2016 013
atlas conf 2016 050
atlas_conf 2016 054
atlas conf 2016 076
atlas conf 2016 096
atlas conf 2017 060
atlas_conf 2016 066
atlas 1712 08119
atlas 1712 02332
atlas 1709 04183
atlas 1802 03158
atlas 1708 07875
atlas 1706 83731
#atlas conf 2019 018
atlas 1908 08215
atlas 1909 08457
atlas conf 2019 020
atlas 1803 02762
atlas 2101 01629
#atlas conf 2020 048
atlas 2004 14060
atlas 1968 03122
atlas 1911 12606
atlas 1807 07447
atlas 2103 11684
atlas 2004 10894
atlas 2106 09609
atlas 1911 06660
atlas 2010 14293
atlas 2211 08028
atlas 2106 01676
atlas 2006 05880
atlas 2111 08372
atlas 2202 07953
atlas 2209 13935
atlas 2102 10874
atlas 2411 02040

NSR Description

photon + MET search at 13 TeV

>= 3 b-jets + 0-1 lepton + Etmiss

ttV cross section measurement at 13 TeV

monophoton dark matter search

leptonic Z + jets + Etmiss

4 top quark (1 lepton + jets, vector like quark search)
1-lepton + jets + etmiss (stop)

1-lepton + jets + etmiss (squarks and gluino)

2 leptons + jets + etmiss

2-3 leptons + etmiss (electroweakino)

monojet search

search for photons, jets and met

electroweakinos search with soft leptons

squarks and gluinos, O lepton, 2-6 jets

stop pair production, @ leptons

search for GMSB with photons

electroweakino search with taus and MET

same-sign or 3 leptons RPC and RPV SUSY

Search for direct stau production in events with two hadronic tau leptons
charginos/sleptons, 2 leptons + MET

search for squarks and gluinos with same-sign leptons
Search for chargino-neutralino production with mass splittings near the electroweak scale
Search for electroweakino production in final states with two or three leptons
squarks/gluinos, 1 lepton, jets, MET

Search for dark matter with monojets

stops, leptoquarks, 0 lepton
0 leptons, 3 or more b-jets, sbottoms

search for sleptons and electroweakinos with soft leptons
general search for new phenomena
Search for SUSY in events with four or more leptons (gravitino SR)
EWino search in Higgs (diphoton) and met
Search for RPV SUSY in final states with leptons and many jets
search for direct stau production

search for squarks and gluinos in MET jet final states

search for gluinos decaying via 3rd gen; multi b-jets and MET
electroweakinos, 3 leptons, WZ, Wh, on+off-shell
Search for top squarks in events whith a Higgs or a Z boson
dark matter and invisible Higgs with Z boson

invisible Higgs decays in VBF

search for charginos and sleptons in 2-lepton final states
monojet
triple Higgs search

et
L8]
el el L Tl el PV R FE I = - N Y

139
139
139
139
139
139
139
139
139
139
139
139
126
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CheckMATE CMS analyses

#Name NSR Description Lumi
cms pas sus 15 011 47  CMS, 13 TeV, 2 leptons + jets + MET 2.2

cms sus 16 039 158 electrowekinos in multilepton final state 35.9
cms_sus 16 025 14  electroweakino and stop compressed spectra 12.9
cms sus 16 048 20 two soft opposite sign leptons 35.9
cms sus 19 065 383 hadronic final states with MT2 137.0
cms 1908 04722 186 hadronic final states with HT, post-fit and simple fitting 137.0
cms 2107 13201 88 monojet with multibin 137.0
cms 2205 09597 40  search for electroweakinos in hadronic final states 137.0

The list much shorter compared to ATLAS...

A From start CheckMATEwvas based on collaboration with ATLAS so the ties
are still stronger

A ATLAS is by default releasing reinterpretation material for all SUSY searches:
cutflows, simplified analysis code, efficiencies etc., what makes recasting
much easier Qig effortfrom CMS to change that though

A Many searches very similar (on the other hand combinations are tempting...)

20
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Construction of likelihoods

AProbability model with analysis-specific and analysis-independent terms

f(naalna)() = ]_[ ]—[ Pois (ncblvcb (”aX)) rlc/\/(a/\/l)()

c € channels b € bins, YEX
N S/ N _/
~~ ~
Simultaneous measurement . constraint terms .
of multiple channels for “auxiliary measurements

AWith expected yields modelled by

Veb (@) = Z vseb (1, X) = Z (ﬂ Ksch (n,)()) (Vgcb (. x) + ZAscb ('H())

s € samples s € samples \KE€K A€eA

multiplicative modifiers additive modifiers

Ah and ¢ are unconstrained andconstrained parameters
AWe are afterm unconstrained parameter of interest

Can have hundreds of nuisance (auxiliary) parameters! ATL-PHYSPUB2019-029


https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863
https://cds.cern.ch/record/2684863

HistFactory. JSON specification

A Toy model:single channel with two bins

A Uncorrelated backgrounds with 10% and 20%
uncertainty

A Single measurement specified as POI

{
"channels": [
{ "name": "singlechannel",
"samples": [
{ "name": "signal",
"data": [5.0, 10.0],
Innocent Start, the "modifiers": [ { "name": "mu", "type": "normfactor", "data": null} ]

f||eS can be tenS Of { "name": "background",
. . "data": [50.0, 60.0],
MB In S|Ze! "modifiers": [ {"name": "uncorr_bkguncrt", "type": "shapesys", "data": [5.0,12.01} ]
}
]
3
1,
"observations": [
{"name": "singlechannel"”, "data": [50, 60]}
]l
"measurements": [
{ "name": "Measurement", "config": {"poi": "mu", "parameters": []} }
]
}



Simplified likelihoods

AATLAS ATL-PHYSPUB2021-038

Abackground model is approximated with a single background sample,
representing the total SM background rate

Abackground rate obtained in the backgrouneonly fit in the full likelihood

Athe complete set of nuisance parameters in the original full likelihood is
reduced to a single constrained parameter, representing the postfit
uncertainty on the total SM background estimate in each bin

Aconstrained by a Gaussian G(a=8aHd W_ Wl WNb We¢ U7 WRY WHY! |
In each channel

Aaim: computation efficiency; but lower statistical precision

24


https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654
https://cds.cern.ch/record/2782654

Simplified likelihoods

ACMS CMSNOTE2017-001
Abackground contributions correlated between bins

Aprobability to observen; events given by

.y i p— (p-5i+bi)
P(nilu-si+by) = Y-St b"e

Hf!

Afull likelihood given by multivariate Gaussiardistribution

N (p-si+ by + 6;) e~ (sithit) 1 —
ES(}U, 9) — H (;/[ n-)' . eXp (_EBTV 16)
i=1 b

Awhere g are nuisance parameters to model background uncertainty
AV is covariance matrix for the expectedackground contributions

Vi]' — E[Qi X 9]]

25


https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860
https://cds.cern.ch/record/2242860

Implemented

searches

Name Description #SR Ny, Full

atlas_1908.03122 Search for bottom squarks in final states with Higgs 2 4
bosons, b-jets and Fmiss

atlas_1908.08215 Search for electroweak production of charginos and slep- 1 52 v
tons in final states with 2 leptons and FEiiss

atlas_1911 06660 Search for direct stau production in events with two 1 2 v
hadronic taus

atlas 1911 12606 Search for electroweak production of supersymmetric 2 % v
particles with compressed mass spectra

atlas 2004 14060 Search for stops in hadronic final states with Emiss 3 14 X

atlas_2006.05880 Search for top squarks in events with a Higgs or Z boson 3 23 X

atlas 2010.14293 Search for squarks and gluinos in final states with jets 3 60 v
and Fiss

atlas_2101.01629 Search for squarks and gluinos in final states with one 1 26 v
isolated lepton, jets, and Exiss

atlas_2111.08372 Search for associated production of a Z boson with an 1 22 X
invisibly decaying Higgs boson or dark matter candi-
dates

atlas 2102.10874 Monojet: search for new phenomena in events with an 1 13 v
energetic jet and FRss

atlas_2411.02040 Search for triple Higgs production in 6b final state 3 60 Vv

Name Description Niin

cms_1908.04722  Search for supersymmetry in final states with jets and EXss 174

cms-1909.03460  Search for supersymmetry with Mo variable in final states with jets and = 282

E%qiss
cms_2107_13021 Search for new particles in events with energetic jets and large E%ﬁss 66
cms_2205_09597  Search for production of charginos and neutralinos in final states con- 35

taining hadronic decays of WW, WZ, or WH and EXs

26



Options available to the user

Speypackage
preferred for
evaluation;

arxiv:2307.06996

Parameter card Terminal X Description and available choices

Multibin: X -mb X none No signal region combination is performed (de-
fault).

select Calculates user selected statistics.

scan Calculates observed CL,; fast and reliable for
quick assessment of exclusion.

detailed Calculates observed and expected upper limits
and CLs.

Expected: False -—exp Selects calculation of expected limits.

CLs: False -mbcls Selects calculation of CLsg.

Uplim: False -uplim Selects calculation of upper limits.

Statonly: False -so Calculates statistical combinations without
event-level analysis provided the analysis and
evaluation steps were already completed.

full The Speyinterface to the full likelihood model
for ATLAS searches (default).

Model: X -mod X simple The simplified likelihood model for ATLAS
searches.

fullpyhf The full likelihood model for ATLAS searches
with PYHF interface.

Backend: X numpy Different backends for calculations in the full
model; NUMPY is always available.

pytorch PYTORCH backend (if available)
tensorflow TENSORFLOW backend (if available)
jax JAX backend (if available)

Table 3: Summary of options related to multibin signal regions.
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2. Statistical models
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Performance considerations

A Several backerds supported for multicore calculations

A Significant improvement compared to single corenumpy

A Further improvement with GPUsupport

ABelow an example (time in seconds) foatlas 2101 01629r a
moderately complex statistical model @luino pair production, final
state qgqqqWW+2LPSs)

upper limits observed and expected | CLg
Backend CPUA CPUB GPUB CPUC | CPUA
NUMPY 11092 12621 N/A 8879 636
JAX 723 526 353 311 55
PYTORCH 583 805 N/A 404 57
TENSORFLOW | 2426 2920 1906 1808 156
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SUSY2018-32 (atlas 1908 08215)

ASlepton/chargino pair production
AHigh-mass limit, direct decays

lI,Rfi.E = I X0Y

E 500 | 551 ATLAS Exp. limit (£10exp) [1908.08215] i
= == Exp.limit CheckMATE with full model.
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SUSY¥2018-22 (atlas 2010 14293)

qq production, B(g — ¢\V) = 100%

— T
f,; === ATLAS expected limit (+10uyp) [2010.14293]
% 1200 == Exp.limit CheckMATE with full model. ]
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HIGG2018-26 (atlas 2111 08372)

2HDM+a, Dirac DM, m, =10 GeV
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SUS19-005 (cms 1909 03460)

AHadronic BSM, 110 jets + MET

Adets based M, variable

ALarge correlation matrix:
282 signal bins
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EX0O20-004 (cms 2107 13021)

AExotics search:
AMono(>=1)jet + MET
ADark matter, leptoquarks

59.7 o' (13 TeV)

> T T | T T T l T T T ‘ T T T I T T T | T T T
8 10° CMS - Data . Zivv)+jets
E 10 gﬂ(;”;im I:l Wilv)+jets . WW/ZZ/WZ
@

c

[ |:| Top quark |:| Qcb
>10

L

— H(inv), B = 25%

ey
(=]
n

Axiall m_ =2TeV
med

10 m, =1GeV

Z?

Veetor mediator g, = 0.25,9, = 1.0

% 225 OMS Exp. limit (£10exp) [2107.13021)
9__- 1400 ==+ Exp.limit CheckMATE with covariance matrix. 1
-
g
1200 1
1000 | 1
A
800 \‘ E
1
i
600 ] 1
I
]
]
400 : i
I
I
1
200 1 1
1
]
] H
0 L 1 1 i ¥ : 1
0 500 1000 1500 2000 2500 3000
Mumed|GeV]
Vector mediator g, = 0.25,g, = 1.0
E 14 —— CMS Obs. limit [2107.13021]
% 00 __ Obs.limit CheckMATE with covariance matrix. ]
5
" 1200} .
1000 [ i
800 b
600 b
400 b
200 1
00 500 1000 1500 2000 2500 3000 34

Minea[GeV]


https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/

Contents

3. Machine learning InCheckMATE
ASUSY2018-30
ASUSY2018-22

35



Avalilable analyses with ML event selection

AATLASSUSY2018-30 b-jets + MET, ONNX (RiveGheckMATH
AATLASSUSY2018-22 jets + MET, ROOT TMVBHeckMATE

AATLASSUSY2019-04 RPV jets + leptons, ONNXCheckMATE
Rivet, MadAnalysis5, Gambit)

AATLASSUSY2019-02 leptons + MET, ROOMVAULtils (CheckMATE
AATLASHIGR2024-32 triple Higgs (6b), ONNX (RiveGheckMATE
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SUSY¥2018-30 (atlas_ 2211 08028)

A Search forgluinos decaying to 3rd generation quarks

A Final state: at least 4 jets, at least 3 fiagged jets, METD-1
leptons (more allowed in NN analysis)

A 8 NN signal regions: 4 fogluino decaying to top pair and 4
for gluino decaying to bottom pair (still it is one net)

A The choice of the desired SR is via the last three inputs
(I.e. decay type, and target masses)

A The NN has 87 input parameters: jet (small and large R)
momenta, lepton momenta, MET and Hag category
(binary)

A The output gives separate background and signal
probabilities
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Validation

AReasonable agreement across all
channels

AThe efficiency somewhat lower but
similar and consistent effect also seen
for cut-and-count analysis

AThis is still a preprint so not too much
material for comparison and testing was
rather quick (nothing changed actually)

| ATLAS | CheckMATE

Gtt selection

Common rquirem. 7.66 7.30
SR-Gtt-2100-1 2.63 1.94
SR-Gtt-1800-1 2.80 2.11
SR-Gtt-2300-1200 2.95 2.62
SR-Gtt-1900-1400 0.19 0.27
Gbb selection
Common rquirem. 80 65
SR-Gbb-2800-1400 22 14
SR-Gbb-2300-1000 21 14
SR-Gbb-2100-1600 | 6.20 6.80
SR-Gbb-2000-1800 | 0.19 0.58
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BDT Validation

ATrue signal isGtt my,, = 2400, e S
Mpeu = 1000 : — Gitt-2300-1200

ATarget signal for G&#2300-1200 621001600

ALess compatible withGbbas it should O I
be - -

I —+—++
AThe last bin pronounced foiGbb but the i A e Ny

cutoff is at 0.9993 so the acceptance is - R 3
actually very low +L|'h-|—|—l-_l_"|"-|-r|_ | f

ANo figures from ATLAS for comparison 061 6z 63 o4 05 66 07 06 08 1

NN score
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Validation

AReasonable agreement (within 30%) for

b-squarks

ADisagreement mainly due to btagging
efficiency (not specifically tuned)

ABetter yet for tsquarks (note a

complicated final state)

1
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SUSY¥2018-22 (atlas 2010 14293)

A Search for squarks andyluinos

AFinal state: 26 jets + MET

APrincipal variables:m; , leading jetpT and MET
AMulti-bin signal regions

A8 boosted decision tree SRs, targetingluino production
with
direct and indirect decays

ABDT weights released as .xml files for using with ROOT
Toolkit for Multivariate Data Analysis- TMVA
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Validation

A Generally excellent
agreement

A Here example for model
Independent discovery
channels

A See Raki's talk for details of
multi -bin fits and validation

A Full note:
heckmate.hepforge.or

Selection

mg = 1200 GeV
My = 600 GeV

mg = 1400 GeV
mgo = 600 GeV

mg = 1600 GeV
mgo = 400 GeV

| | ATLAS | CM | ATLAS | CM | ATLAS | CM
Generated MC events 10000 | 10000 | 6000 | 10000 | 6000 | 10000
Common Preselection, B¢ > 300 GeV,
Requirements | pr(j1) > 200 GeV, meg > 800 GeV | 1763 1780 541 546 174 176
jet multiplicity > 2 1763 1780 541 546 174 176
Cleaning cuts 1746 - 535 - 173 -
SR-2§-1600 | A¢(jy 2 3), EF™) > 0.8 1433 1434 431 433 136 139
A(ji»z, BR5) > 0.4 1377 1353 411 410 129 130
pr(jz) > 250 GeV 853 850 311 310 111 112
[n(j1.2)| < 2.0 836 832 306 305 109 110
ERss [ Hy > 16 GeVl/? 568 554 228 227 86.4 87.3
meg(incl.) > 1600 GeV 366 362 202 195 83.5 81.2
SR-2j-2200 | A¢(jy 2 (), BF™) > 0.4 1603 1619 483 492 156 158
A¢ (i, BRSS) > 0.2 1567 1566 470 476 151 153
pr(j1) > 600 GeV 509 514 269 259 120 121
Ewsss [/Hr > 16 GeV1/? 337 339 201 188 9.6 9.7
meg(incl.) > 2200 GeV 101 96 108 101 76.1 76.4
SR-2§-2800 | A¢(j1 2 3), EF=) > 0.8 1433 1434 431 433 136 138
A(jinz, BRIS) > 0.4 1377 1352 411 410 129 130
pr(jz) > 250 GeV 853 850 311 311 111 112
[n(j1.2)| < 1.2 655 653 235 239 82.3 84.3
ERss [ /Hy > 16 GeV'/? 439 433 173 178 64.6 66.4
meg(incl.) > 2800 GeV 15.6 10.5 18.8 15.1 29.1 27.0
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BDT input

Input variables

GGdl

GGd2

GGd3

GGd4

EM™SS [GeV]

pr(J1). pr(j2), pr(j3), pT(ja)

pr(Jj) [GeV]
n(Jj) 1) 1G2).17103), 1(a)
Aplanarity . —
meg [GeV] .
Total number of input variables 11 10 11 10
Input variables GGol GGo2 GGo3 GGo4
EM™S [GeV] - .
pr(j) [GeV] rr()s, pr(2) pr(3), | pr(1)s pT(G2)s | PTG pT(2)s pT(J3), | PTU1), PT(2),
pr(ja), pT(js) p1(U3), pT(s) prUs), PTUs) pr(3), pT(4)
n(Jj) (1), nG2), 1(3), n(Jj1), n1(2), n(1),n(2), n03), (1), 1(2),
n(j4) n(s) n(3), n(s) 1Us), 1(Je) 17(3), nU4)
Aplanarity . —
meg [GeV] *
Total number of input variables 12 10 12 10
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BDT validation

A Each SR targets directjluino

> . mg 2200 2200 1800 1400
decays for specific range in |
. ﬁ:mng t My 500 1000 1000 1000
neu
A GGd1: = 16001900 GeV AjciajeciaAal ] AlC
A GGd2" (= 10001400 GeV GGd1 | 141125704 55 | 55 | 42 | 3.0 | 3.0
A o GGd2 | 143 1341141101194 | 143 | 88 | 9.9
GGd3: u= 6001000 GeV GGd3 | 144 | 14.1 | 144 | 138 | 71.7 1 62.0 | 49.1 | 43.7
A GGd4: (=200600 GeV GGd3 | 29 | 34 | 60 | 6.1 |60.5]|54.0|89.6 | 85.8

A Overall, very good agreement

A No specific exclusion contour to
compare with

A = ATLAS; CSheckMATE
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BDT output comparisorr preferred forvalidation
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|
—

A Both signal regions show good agreement
A GGd1 = direct decay; GGol = one step decay
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ATLAS HHH>6Db

Key features:

NN classifiers motivated by3 scenarios:
SMT non-resonant

TRSMr resonant andnon-resonant
simplified T heavy resonant

statistical evaluation: fit of NN output
histograms in SR and CR

ATLAS provided: Independent measurement of quartic coupling!

Athe statistical model in HS3 format (first time in BSM)
Athe NN in ONNX format;
A SimpleAnalysis code

Amany validation histograms (including for features)
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGH)24-32/ "
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