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Abstract

Recently there has been rapid increase in the number of full statistical models (or
"likelihoods") published by the experiments.

e Most are based on the HistFactory (pyhf) tormat and published in HEPData.

e This allows theorists and others to reproduce and combine measurements with the
same gold standard as the internal experimental results.

e However, these are mainly from SUSY and exotics searches and

e working with EFTs is more complicated because quantum interference effects lead to
changes in the signal template (via the dependence of the ditferential cross-sections
and phase-space dependent selection efficiency on the EFT parameters).

In this talk | will propose a simple, lightweight framework that would extend current
ikelihood publishing to overcome these challenges and enable ‘exact' EFT ftits (i.e. with
the same level of detail as the internal experimental fits and combinations).

https://indico.cern.ch/event/1296757 /timetable/




Scope of this talk

The tocus of this talk is about a practical statistical framework tor doing EFT fits

e Emphasis is on statistical correctness, not optimality of observables, etc.

e Fit distributions in the data space (no unfolding)

e Focusing on binned template ftits with full systematic uncertainty treatment

e \With some user-defined observables x (probably 1-D or 2-D)

e This talk is not about what is a good observable

e Independent of which E

-T operators, which basis, how many parameters, etc.

The tframework lends itself well to publishing the full statistical model so that groups

outside experiments can re-do fits, perform combinations, etc.

e So it addresses many of

the motivations for untfolding, but its cleaner statistically



Example combined fits tor EFTs

The STXS combination measurement
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A More Recent Example

ATLAS CONF Note y

ATLAS-CONF-2023-052 X/
26th August 2023

ATLAS

EXPERIMENT

Interpretations of the ATLAS measurements of
Higgs boson production and decay rates and
differential cross-sections in p p collisions at

Vs = 13 TeV

2.3 Signal yield parametrization

In all analyses listed in Table 1, the likelithood function for each signal region k, with one or more bins r, is
modeled as

L(Nk“l’o) = l_[POiSSOH (Nk,rlsk(”’e) ) fsk,r(a) + bk,r(e)) ’ (1)

where Ny ;- is the observed event count of bin r in region k, s is the expected signal count in region k,
fs 7 is the expected fraction of the signal in region k that is contained in bin r, and by, represents the
expected event count from background processes. The ensemble of parameters of interest u describes the
Higgs boson signal normalisation, while @ represents the set of nuisance parameters taking into account
the systematic uncertainties that originate from theoretical and experimental sources, as well as additional
degrees of freedom without prior constraints such as background yields or normalisations in some of the
input channels. The global likelihood function 1s then the product of the likelihood functions for each
signal region k and of Gaussian or log-normal probability density functions that constrain the nuisance
parameters.

Depending on the level of detail implemented in each analysis, the signal yield parameters u can be
indexed by Higgs boson production process (i), decay mode (X), and fiducial phase space region defined
at the particle level (k”). Analysis region k, defined at the reconstruction level, is typically chosen to

match the particle-level region k£’ as closely as possible, in order to reduce the extrapolation uncertainty.

As reconstruction-level selections do not generally correspond exactly to particle-level regions, multiple
particle-level regions will contribute to the signal yield s.

Two distinct signal parametrization strategies are followed for the measurements listed in Table 1 and
reported in Eq. (2) and Eq. (3). For those labeled as ‘STXS’, the signal yield for region k£ 1s modeled as
a scale factor u’ k apphed to the SM Higgs boson production cross-section times branching ratio, for
each Higgs boson production process i and decay X, in a fiducial region k” defined at the particle level.
Alternatively, for analyses labeled as ‘differential’, the signal yield 1s modeled as a cross-section O'f{fcllx
describing the sum of all production processes, separately for each Higgs boson decay mode X and fiducial
region k’ defined at the particle level. The corresponding parametrizations of the signal yield s in terms

of the parameters of interest uy = { /JZ’ } and 0hq = { } and of the nuisance parameters 6 are:

STXS _ ik X ik X ik X
sy (Me,0) = L X g X (o X B)dyineyneo(0) X €grys 1 (6), (2)
Pk X
KX KX
si (00, 0) = Lx ) op X x el (6), (3)
kX
ik X

where L is the integrated luminosity and (o~ X B) g, (N(N))NLO 1s the calculation, at the highest available
order, of the SM Higgs boson cross-section for the production process i in particle-level reglon k" multiplied
by the SM Higgs boson branching ratio to the final state X. The factors eéfxé( . and eX p ﬁ « Trepresent the
products of acceptance times efficiency of the reconstruction-level region k for the partlcle -level fiducial

phase space region k’ and Higgs boson decay X (in production mode i for the STXS interpretation).

For each interpretation based on a particular model (SMEFT, 2HDM, or MSSM) with a vector of model
parameters «, the original signal parameters p and ogq. are replaced with expressions that parameterise the
model predictions, e.g. o k X 0' (a) so that the likelihood of Eq. (1) is directly expressed in terms
of the parameters «. Then eonstralnts on these parameters can be directly inferred from the modified
likelihood expression. The model-specific reparametrizations of the signal parameters are detailed in

Sections 3 and 4.

The acceptance factors estxs and €gif., as well as the signal shape factors f;, are derived under the
assumption of SM Higgs boson kinematics. For interpretations of the measurements in physics models
that significantly alter kinematic distributions, additional correction factors may be needed to account for
changes in the acceptance and signal shape as a function of BSM model parameters. These are discussed
when applicable in Sections 3 and 4.



My message

Top Level Message: We should publish the tull statistical model (aka “likelihood”)
for measurements that constrain EFT coefticients

e | ots of progress in publishing statistical models recently in BSM searches

Second Level Message: There are a few ways to describe the dependence on EF]]
parameters. We can and should separate the specitication and implementation.

e First define a specification for one or more of these choices that removes all
ambiguity. This allows multiple groups to implement the specitication.

Third Level Message: Event-by-event reweighing as a tunction of EFT parameters
based on truth-level kinematics has some advantages.

e Removes some approximations & provides an avenue to consider new EFT
operators after the fact



Publishing Statistical Models



The first PhyStat et

30 May 2000
swéooozg

't was 23 years ago!

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Massimo Corradi

It seems to me that there 1s a general consensus that what 1s really meaningful for an experiment WORKSHOP ON CONFIDENCE LIMITS
is likelihood, and almost everybody would agree on the prescription that experiments should give their
likelihood function for these kinds of results. Does everybody agree on this statement, to publish likeli-

hoods? CERN, Geneva, Switzerland
00ds 17-18 January 2000

Louis Lyons

Any disagreement ? Carried unanimously. That’s actually quite an achievement for this Workshop.

| | - PROCEEDINGS
P00037096 Editors: F. James, L. Lyons, Y. Perrin

GENEVA

https://cds.cern.ch/record/411537?In=en ¥



PhyStat 2007/

L ROOT Statistical

Progress, Challenges, and Future of

Statistics for the LHC SO f t wdare

Lorenzo Moneta (CERN, PH-SFT)

on behalf of the ROOT Math Work Package
(R. Brun, A. Kreshuk, E. Offermann + many others contributors)

Kyle Cranmer
(BNL)

Kyle Cranmer (BNL) PhySeat 2007, CERN, june 26,2007 |

Statistics software for the LHC \Wouter Verkerke

The Workspace as publication

Workspace Framework design & RooFit adaptations

P

e Now have functional RooWorkspace

, ¢ Have had more meetings last 3 months to review RooFit
class that can contain

lessons from BaBar
- Kyle, Amir Farbin (ex-Babar), Frank Wrinklmeyer (ex-Babar), WV

- Probability density functions and its components

- (Multiple) Datasets - Design for WorkSpace and ModelConfig concept in RooFit to
interface with statistics tools

- Supporting interpretation information (RooModelConfig)

- Can be stored in file with regular ROOT persistence Stores & Specifies interpretation & use
organizes of workspace contents in detail

data
and Workspace

e Ultimate publication of analysis... models

- Full likelihood available for Bayesian analysis

ModelConfig

gaussl = signal
gauss2,cheby=bkg

Statistics tools

- Probability density function available for Frequentist analysis

. ) ) Calculate limits,

- Information can be easily extracted, combined etc... Common configuration language Significances etc...
of statistics tools

- Common format for sharing, combining of various
physics results

Workspace
Management Tools

Bob Cousins Slide: http://indico.cern.ch/conferenceDisplay.py?confld=100458



http://indico.cern.ch/conferenceDisplay.py?confId=100458

https://indico.cern.ch/event/118137/overview

Early LHC examples (2011
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3-channel top combination — Visualization of the ATLAS+CMS Workspace e &
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10-11 February 2011 earch jo)
CERN

Europe/Zurich timezone

Ottty The aims of this workshop include:

Timetable

e to review the progress of the tools for global fits of BSM models
Registration e to propose benchmarks for the parameterization of specific classes of models, in order to
facilitate and standardize the representation of the results of the experimental searches at the

List of registrants LHC, and their use in the fitting codes I I l t f t t
e to liaise with the "simplified models" approaches, as discussed e.g. in the "Characterization of pa ra e e r O I n e re S

new physics at the LHC" meetings

e to provide an update of the work carried out within the DESY SUSY/BSM Fit Working Group O-BR
Information on accommodation, access to CERN and laptop registration is available ’LL o BR
from http://Ipcc.web.cern.ch/LPCC/index.php?page=visit SM SM
Starts 10 Feb 2011, 08:00 CERN
Ends 11 Feb 2011, 18:00 TH Theory Conference Room

Kyle Cranmer (NYU) *fitting, CERN, Feb 11, 2011 21

Michelangelo Mangano




Combined tits for the Higgs discovery
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recommendations

Why public likelihoods

Searches for New Physics: Les Houches Recommendations
for the Presentation of LHC Results

S. Kraml!, B.C. Allanach?, M. Mangano®, H.B. Prosper?, S. Sekmen®* (editors),

C. Balazs®, A. Barr%, P. Bechtle’, G. Belanger®, A. Belyaev?!?, K. Benslamal'l,
M. Campanelli'?, K. Cranmer!'3, A. De Roeck?, M.J. Dolan'4, T. Eifert'®, J.R. Ellis'3,
M. Felcini'”’, B. Fuks'®, D. Guadagnoli®', JF. Gunion?®, S. Heinemeyer!”,
J. Hewett™, A. Ismail'®, M. Kadastik?', M. Kramer??, J. Lykken?? F. Mahmoudi®?4,
S.P. Martin?>2627, T. Rizzo', T. Robens?®, M. Tytgat??, A. Weiler3®

* The statistical model of an experimental
analysis provides the complete mathematical
description of that analysis

p(o|a) relating the observed quantities o to the parameters «a

 @Given the likelihood, all the standard
statistical approaches are available for
extracting information from it

* Essential information for any detailed
interpretation of experimental results

= determining the compatibility of the observations with
theoretical predictions

S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020

B

Les Houches Recommandations (2012)

3b: When feasible, provide a mathematical
description of the final likelihood function in
which experimental data and parameters are
clearly distinguished, either in the publication
or the auxiliary information. Limits of validity
should always be clearly specified.

3c: Additionally provide a digitized
implementation of the likelihood that is
consistent with the mathematical description.

arxiv:1203.2489




Theorist rejoice

Now: full likelihoods !! ATL-PHYS-PUB-2019-029 (05 Aug 2019)

* Plain-text serialisation of HistFactory workspaces, JSON format

- Provides background estimates, changes under systematic &) HEPData
variations, and observed data counts at the same fidelity as
used in the experiment.

Resources

=

gz File

| Description Modification Constraint Term ¢y Tnput Archive of full likelihoods in the HistFactory JSON
< | Uncorrelated Shape Kseb(Yb) = Vb [15 Pois (rb = 0';2| Pp = o-l;zyb) op format described in ATL-PHYS-PUB-2019-029
o} . : :
.g Correlated Shape Asep (@) = fp (a,| Ascb,a=1, Ascb,a:l) Gaus(a =0|la,0 = 1) Aseb,a=x1 Prov.|ded are3 stafuscal mode[§ labeled F?egmn.A
E | Normalisation Unc Koo (@) = (a| P P ) Gaus (a = 0| @, 0 = 1) P RegionB and RegionC respectively each in their
é . seb 8 seb,a=-1 %sche=1 ’ ZSCb’azié own sub-directory. For each model the
s | MC Stat..Uncertalnty Kscb(Yb) = b [1» Gaus (aYb = ll Vb 61’) 6b = Xs 6sb background-only model is found i the file named

Luminosity Ksch(A) = 4 Gaus (I = 40l 4, 02) 40,02 'BkgOnly.json' For each model a set of patches for

3 Normalisation Kseb(Up) = Up various signal points is provided
& | Data-driven Shape Kseb(Yb) = Vb

Download
Rate modifications defined in HistFactory for bin b, sample s, channel c.

- Usage: ROOFit, pyhf So far available for 4/12 SUSY analyses with 139 fb-
SUSY-2018-31 (1908.03122) multi-b sbottom: 2b+2H(bb)

- Target: long-term data/analysis preservation,

: : SUSY-2018-04 (1911.06660 ) stau search, 2 hadr. taus
reinterpretation purposes

SUSY-2019-08 (1909.09226) 1 lept. + H(bb), EW-ino

SUSY-2018-06 (1912.08479) 3 lept. EW-ino

S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020

https://indico.cern.ch/event/957797/contributions/4026032/



Theorist rejoice

Reinterpretation Forum Report 2020

“.... In fact, many of the data products discussed here, such as signal/background
yields and correlations, are used by the various external reinterpretation packages to
construct likelihoods. Whilst extremely useful, the likelihoods constructed from these
products are however always only an approximation to the true underlying experimental
likelihood. The reinterpretation workflow can be greatly facilitated and rendered much
more precise if the original likelihood of the analysis is published in full. We strongly
encourage the movement towards the publication of full experimental likelihoods
wherever possible.”

“ATLAS has recently started to do this using a JSON serialisation of the likelihood [...]
The provision of this full likelihood information is much appreciated and we hope that
it will become a standard, as it greatly improves the quality of any reinterpretation.”

Reinterpretation of LHC Results for New Physics: Status and Recommendations after Run 2
arXiv:2003.07868, SciPost Phys. 9, 022 (2020)

S. Kraml - Feedback on use of public likelihoods - 24 Sep 2020 7

https://indico.cern.ch/event/957797/contributions/4026032/



SciPost Physics

Submission

Publishing statistical models: Getting the most out of particle
physics experiments

Kyle Cranmer 1*, Sabine Kraml Qi, Harrison B. Prosper 33 (editors),
Philip Bechtle 4, Florian U. Bernlochner 4, Itay M. Bloch 5, Enzo Canonero 6, Marcin
Chrzaszcz 7, Andrea Coccaro 8, Jan Conrad 9, Glen Cowan 10, Matthew Feickert 11,
Nahuel Ferreiro Iachellini ®'*'° Andrew Fowlie 14, Lukas Heinrich 15, Alexander Held 1,

Thomas Kuhr 13’16, Anders Kvellestad 17, Maeve Madigan 18, Farvah Mahmoudi 15’19,

o a2 11 . . . .15 : 8
Knut Dundas Mora O, Mark S. Neubauer @, Maurizio Pierini , Juan Rojo®", Sezen

Sekmen 22, Luca Silvestrini 23, Veronica Sanz 24’25, (Giordon Stark 26, Riccardo Torre 8,
Robert Thorne 27, Woltgang Waltenberger 28, Nicholas Wardle 29, Jonas Wittbrodt @
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twiki.cern.ch ¢ (h

ATLAS Public Results Page

The buttons below provide document filters along predefined keywords. Selecting a "Physics theme" gives access to specific additional keywords allowing to refine the selection.

Global Selections Show All Deselect All Show Latest 10
14 TeV 13.6 TeV 13 TeV 8 TeV 7 TeV 5 TeV 2.36 TeV 2.76 GeV 900 GeV
CM Energy
8.16 TeV/NN 5.44 TeVIN 5.02 TeV/N 2.76 TeVINN
B-physics and light states Standard Model Top Higgs BSM Searches Heavy lon Upgrade Studies Outreach Statistical methods
Physics theme
Tracking Egamma Muon Tau Jet/Etmiss Flavour tagging Physics Modelling
W VA Photon H Ww Wz ZZ Di-photon Vphoton HH \"A"AY, Single top Top pair >3 tops
Charged tracks
O lepton 1 lepton 2 leptons 2 leptons (same charge) >3 |leptons
Signature Taus Photons
0 jets 1jet 2 jets >3 jets All hadronic c-jets b-jets Boosted
MET
Long-lived massive particle
Forward Proton
Cross-section measurement Mass measurement Statistical combination ISR Gluon fusion VBF VBS PDF fits
Double parton scattering BSM search BSM reinterpretation LFV FCNC Particle flow MVA [ machine learning EFT interpretation

Analysis characteristics

Differential measurement

Likelihood available

Displaced vertex Lepton-jets Trigger-level analysis High luminosity upgrade studies Photon-induced

Min luminosity :

Filter by minimum integrated luminosity

Date :

ArXiv relase Publication




https://www.hepdata.net/search/?g=analysis:HistFactory

‘ T ’S d Ied ‘ I T Y Find all papers which include specific types of analysis.
analysis:rivet (Rivet analysis)
@ HEPData analysis:MadAnalysis (MadAnalysis 5 analysis)
analysis:HistFactory (likelihoods in HistFactory format)

Q analysis:HistFactory Search  Resd

R W

I Maxresultsv = |5 Sortby~ @ |Z%Reverseorder Showing 10 of 28 results
Date « < 2 5 »
- I I - I Search for flavour-changing neutral-current couplings between the top quark and the photon with the ATLAS
O O detectorat /s = 13 TeV

2019 2023
The ATLAS collaboration Aad, Georges ; Abbott, Braden Keim ; Abbott, Dale ; et al.

Collaboration Phys.Lett.B 842 (2023) 137379, 2023.

ATLAS " 2] Inspire Record 2077557 S DOI 10.17182/hepdata.129959

This letter documents a search for flavour-changing neutral currents (FCNCs), which are strongly suppressed in the Standard Model, in events with a photon and a top quark with the ATLAS detector. The analysis uses data collected in pp collisions at

S 3 /s = 13 TeV during Run 2 of the LHC, corresponding to an integrated luminosity of 139 fb—1. Both FCNC top-quark production and decay are considered. The final state consists of a charged lepton, missing transverse momentum, a b-tagged jet, on...
ubject_areas

BB 0 data tables match query

hep-ex 28
Phrases
. PRI LRI Measurement of the ¢ttt production cross section in yp collisions at |/s=13 TeV with the ATLAS detector
Proton-Proton Scattering 3
Cross Section 2 The ATLAS collaboration Aad, Georges ; Abbott, Braden Keim ; Abbott, Dale ; et al.
SUSY 2 JHEP 11 (2021) 118, 2021.
Al L 2 [ Inspire Record 1869695 % DOI 10.17182/hepdata.105039
Top 2

A measurement of four-top-quark production using proton-proton collision data at a centre-of-mass energy of 13 TeV collected by the ATLAS detector at the Large Hadron Collider corresponding to an integrated luminosity of 139 fb—1 is presented.

Next5 Show All Events are selected if they contain a single lepton (electron or muon) or an opposite-sign lepton pair, in association with multiple jets. The events are categorised according to the number of jets and how likely these are to contain b-hadrons. A...
= ow

BB 0 data tables match query

Reactions
P P --> CHARGINO+ CHARGINO- 1
P P --> CHARGINO+ NEUTRALINO 1
P LU (R EYUEE Observation of single-top-quark production in association with a photon using the ATLAS detector
P P --> CHARGINO+- NEUTRALINO 1




Browse and interact with published statistical models

http://hepexplorer.net
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The HS3 Effort

RooWorkspace @ JSON/YANL,

There is now an effort to create a common serialization

standard for pyhf, RooFit, BAT, ztit, etc. models

o Key idea: separate specification from implementation

HS?

High Energy Physics
Statistics Serialization Standard

Carsten Burgard

Tomas Dado, Jonas Eschle, Matthew Feickert, Cornelius Grunwald,
Alexander Held, Robin Pelkner, Jonas Rembser, Oliver Schulz

. L 1
hJ technische universitat
dortmund Aug 30, 2023

T ———

Talk at Reinterpretation Forum [link]
nttps://indico.cern.ch/event/1264371/contributions/5338176/

nttps://videos.cern.ch/record/2296062
nttps://github.com/hep-statistics-serialization-standard

huge thanks to NNicolas Morange and Jonas Rembser for their help with getting this together!

special thanks also to the whole pyhi team as well as Jonas Eschle for valuable input

for the ROOT Users Workshop 2022

Disclaimer: This talk has an ATLAS bias!
HELMHOLTZ : Disclaimer: This talk draws some inspiration from pyhf!

T —

HS3 - HEP Statistics Serialization Standard 'tU technische universitat

dortmund

idea: provide standardized format for statistical
models:

e human-readable, in JSON format

e machine-readable for direct implementation of

statistical models

e software-independent

. . . .. o .I" Fho xt of this docu.mcnt. any JSON object is referred to as a component. A key-value-pair
. g e n e rl C’ m ath e m atl Ca l d eﬁ n Itl O n S 1(:::::)00::;[':?;nc;:tr:zg::i\):r:“::ﬁ::;ﬂr:o as a component. If not explicitly stated otherwise, all
The components located inside the top-level object are referred to as top-level-components,
e full compatibility with respect to AN
implementations ]
RooWorkspace and pyhf [ P v -
| ROOTAE— o
https://aithub.com/hep-statistics-serialization-standard ' Data Analysis Framework BA ° l Z i p
Bayesian Analysis ool.ki? differentiable
Zikelihoods
Robin Pelkner (TU Dortmund) HS3 - HFP Statistics Serialization Standard 4



https://conference.ippp.dur.ac.uk/event/1178/contributions/6463/attachments/5039/6443/go
https://indico.cern.ch/event/1264371/contributions/5338176/
https://videos.cern.ch/record/2296062
https://github.com/hep-statistics-serialization-standard

FFT-Specific Model Specitication



The HistFactory specification

The HistFactory specitication is pure math with two main implementations (original
C++ version in ROOT/RooFit and newer python version pyht)

e Widely used and has almost everything needea

HistFactory Template: at a glance

f (data|parameters) = f (7, @7, x) = [[ ]| Pois (neslvs (%)) [] ex (ax/x)

—

c € channels b € bins, X €EX

n: events, a: auxiliary data, 77: unconstrained pars, X: constrained pars

va(ThX) = D (Z Fosch (7 >Z>) (vé’cb(ﬁ, X)+ D AT, %))

s € samples KER P AcA

VO \ = _J
multiplicative R dd\i;ive

Use: Multiple disjoint channels (or regions) of binned distributions with multiple samples contributing to each with
additional (possibly shared) systematics between sample estimates

Main pieces:

e Main Poisson p.d.f. for simultaneous measurement of multiple channels

e Event rates vg (77, X) (nominal rate Vgcb with rate modifiers)

o encode systematic uncertainties (e.g. normalization, shape)

e Constraint p.d.f. (+ data) for "auxiliary measurements"




The HistFactory specification

... but the HistFactory specification is not natural for describing interference etfects

encountered in EFTs.

e \We can create / extend the specitication to handle EFT parameter dependence

HistFactory Template: at a glance

f (data|parameters) = f (7, @7, x) = [[ ]| Pois (neslvs (%)) [] ex (ax/x)

—

c € channels b € bins, X €EX

n: events, a: auxiliary data, 77: unconstrained pars, X: constrained pars

va(ThX) = D (Z Fosch (7 >Z>> (vé’cb(ﬁ, X)+ D AT, %))

s € samples KER P AcA
\ .

VO J

. . . TV
multiplicative additive

Use: Multiple disjoint channels (or regions) of binned distributions with multiple samples contributing to each with
additional (possibly shared) systematics between sample estimates

Main pieces:

e Main Poisson p.d.f. for simultaneous measurement of multiple channels

e Event rates vg (77, X) (nominal rate Vgcb with rate modifiers)

o encode systematic uncertainties (e.g. normalization, shape)

e Constraint p.d.f. (+ data) for "auxiliary measurements"




SM ATL-PHYS-PUB-2015-047

EFT “morphing”trick \

\ , )
. Mix Interference
As one changes the parameters of the EFT, the | \1/\ B %

>

distributions p(x | @) change due to interference. \ ) \
But there is a trick: _ Bsu /

KBsm
Simple example:

(g1 Msar + goMpsa|* = g3 | Msa|* + 2g1g2Re [M &, Mpsu] + 93| Mpsar|?

3-d vector space, distribution for any point in this space is linear mixture of distribution for 3 basis samples!

o input samples, noy = V3 T validation samples (real examples need more basis samples)
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EFT "morphing”trick

—FT, the
a) change due to interference.
But there is a trick:

As one changes the parameters of the

distributions p(x

Simple example:

SM

( )
-

Mix

=

ATL-PHYS-PUB-2015-047

\

Interference

BSM

-
- J

/

KSM * KBSM

+1 /\

KBsm

(g1 Msar + goMpsa|* = g3 | Msa|* + 2g1g2Re [M &, Mpsu] + 93| Mpsar|?

3-d vector space, distribution for any point in this space is linear mixture of distribution for 3 basis samples!

(real examples need more basis samples)
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EFT "morphing”trick

~

production
fi
do oc || Mg+ 2025 M;

_J

. decajay )

d J d
MSM‘FZFM]
J

o

-xpress EFT as a mixture:

plxla) = ) w@p,(x)

w.(a) are polynomials, p.(x) are physical distributions!
Can truncate to O(A™") it desired

Number of components for n operators

Process
O(A%) 0O(A7) o(a™) o) o(a™) 2
hV | WBF production 1 n ”(”2+ D) (n+ 1)2(n +2)
h — V'V decay 1 n n(n2+ 1) (n+1)2(n+2)
: n(n+1) n+2 n+3 n+4
Production + decay 1 n 5 ( 3) ( 4) ( 4)

Table 1: Number of components c as given in Eq. (6) for different processes, sorted by their sup-

pression by the EFT cutoft scale A.

v2IN2

IN?

2//\2

IN?

2//\2

fuww v

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

-1.0 -0.5 0.0 0.5 1.0
fr VN2

2//\2

fr V3 IN? f V3IN?

1 ~ -1
10 < 10
a <
0 S >g 0 N
-107! & 1071
10° 10°
10! 10!
s 102 s 102
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
f V2IN2 fr V2IN2 fw v2IN2

Figure 13: Morphing weights w;(8) for basis points distributed over the full relevant parameter

space.

For 2 BSM operators attecting VBF Higgs production and decay, we need a 15-D vector space

For 5 BSM operators we need 126-

D vector space

This is implemented in MadMiner



EFT "morphing”trick

production\f deca ) N
fi d Jy d
oo || May + 2075 M7 | M+ 25 M,
! J

AN
-xpress EFT as a mixture:

plela) = ) Wc(a)l?c(x

/

fouw V2IN2

~Fully differential
Cross-section

w.(a) are polynomials, p.(x) are physical distributions!
Can truncate to O(A™") it desired

Number of components for n operators

Process
O(A%) o(a7) o(a™) o(a) o(rT) z
+1 +1 +2 .
hV | WBF production 1 n n(n2 ) (r )2(11 ) e o
+1 +1)(n+2 : .
h — V'V decay 1 n n(n2 ) (n )2(n ) : R
_ n(n+1) n+2 n+3 n+4 Fonin
Production + decay 1 n 5 ( 3) ( 4) ( 4) .
Table 1: Number of components ¢ as given in Eq. (6) for different processes, sorted by their sup- U e T T e T T e

pression by the EFT cutoft scale A.

Figure 13: Morphing weights w;(8) for basis points distributed over the full relevant parameter
space.

For 2 BSM operators attecting VBF Higgs production and decay, we need a 15-D vector space

For 5 BSM operators we need 126-D vector space This is implemented in MadMiner



Other descriptions

‘erent in details

Same idea, di

Here are two concrete examples
for describing how the (truth-
level) fiducial cross section in

phase space region k' depends

on the EFT coefticients a = {c;}

e Can extend to fully
differential cross-section

do(a)
dZ <

truth-level kinematics

where z: is the

3.1.3 Cross-section calculation with linear and quadratic terms

The SMEFT prediction including the available terms proportional to A~ is:

i,k H—X ( B)l k', H—X o k! Ti k! 1+§Aj Cj+J' lz>j ! o
OXB) s = (oxB)z .’ 1+ A " civ+ 3 B." cic —
( )SMEFT SM,((N)N)NLO %l J J ],lzé] Jl Jel 1+ZA§HCJ-+ D BEZI_ICJ'C[
] >

J Js
— (O-XB)i’k/,H_)X

SM,((N)N)NLO
- 1./ H—X - 1./ - 1./ g: 1.7
x(a K AT T s B PR s B HOX A TR A X f TR\ X cjep+0(A70)
AN J Jregbzg \ Tl Jjl J ! ! J J (13)
rH FH _
1+§(Aj )Cj+.lz:>.(le )CjCl+O(A 6)

3.1.2 Cross-section calculation with linear terms

In a scenario where A~*-suppressed contributions are ignored, the predicted deviation of the cross-section,
partial width and total width from their SM values can each be explicitly linearised as a function of the
Wilson coefficients ¢. Ignoring all A=*-suppressed BSM terms in Eq. (7), and using the parametrisation of
Egs. (8)-(10), the expression for the cross-section times branching ratio reduces to

H—-X
i,k’ 1 + int
a. H—X
ik HoX ik H—X int,(N)LO I'sm
(XB)vgrr = (0XB)gyvmNLo X (1 t 0 ) X H
TSM,(N)LO I+ =4
SM
1+ AL ¢ )
=77 J
_ ik H—X Tir J
= (o-><B)Sl\4,(a\1)l\1)1\1LO X |1+ Z AJ. cj| X - :
J
(143 (474 447" ) ;40 (A7)
k' H—X J
= (oXB)ony X : (12)
ATLAS CONF Note SM.((N)N)NLO 1+ 3 A ¢, +0 (A4)
j

ATLAS-CONF-2023-052 \

/




Event-by-Event Reweighting



Morphing histograms vs. event-by-event reweighting

Morphing histograms (or fiducial cross-sections estimated with MC) has some subtle issues:

e Statistical fluctuations for bin probability (or fiducial cross-section) can lead to
unphysical negative probabilities when morphing to a new value of a

e Efficiency and acceptance aren't constant for all events in a given bin of the observable

X, so there is some (mild) approximation

The acceptance factors estxs and €4if, as well as the signal shape factors f, are derived under the
assumption of SM Higgs boson kinematics. For interpretations of the measurements in physics models
that significantly alter kinematic distributions, additional correction factors may be needed to account for
changes 1n the acceptance and signal shape as a function of BSM model parameters. These are discussed
when applicable in Sections 3 and 4. ATLAS CONF Note

ATLAS-CONF-2023-052




Morphing histograms vs. event-by-event reweighting

Morphing histograms (or fiducial cross-sections estimated with MC) has some subtle issues:

e Statistical tluctuations for bin probability (or fiducial cross-section) can lead to
unphysical negative probabilities when morphing to a new value of a

e Efficiency and acceptance aren’t constant for all events in a given bin of the observable

X, so there is some (mild) approximation

However, event-by-event reweighing based on morphing avoids these issues
e The event weights are always positive

e The weights are for a specific event (that either passes or tails selection criteria), so there
is no approximation due to averaging efficiencies / acceptances for ditferent types ot
events.



ldea 1: a model that builds histograms on-the-fly

from
with

—or any -

F

with parameters ¢ (e.g. the SM), we can reweight to a new

do(a)ldz
do(ay)/dz |,

wi(a) =

e Similar to what we do with PDF reweighing.

 Kinematics don't change!

reconstructed quantities on event-by-event basis.

ully simulated event with observable x; and MC truth record z; that was generated

~F 1 parameter point a

Ffticiency and acceptance are already included by selection on

he a-dependence of differential cross-sections can be computed using “morphing”

equations or closely related approaches

ldea: For each value of a till a signal histogram with set of weighted events {x;, w(a)}

e Can do this on-the-tly while doing the fit.

e |t captures the a-dependence of efficiency and acceptance



Details: how to build histograms on-the-fly

Idea: For each value of a fill a signal histogram with set of weighted events {x;, w(a)}

e Can do this on-the-fly while doing the fit

e |t captures the a-dependence of efficiency and acceptance

Details: To do this, th

e statistical model would need to maintain a tiny database that

includes information -

e Store x; (observed

a new point a. For

‘or a set of simulated events:

value of observable) and the coefficients needed to reweight event to

example:

e The differential cross-section (at truth-level) for set of basis points as implemented in

MadMiner

o The fully differential versions of the coefticients Aji’k' in ATLAS-CONF-2023-052

't may be a bit slow, but its very tlexible and avoids the problems mentioned above.



ldea 2: RECAST-like service for EFTs

Consider the case where ATLAS and CMS publish statistical models parametrized tor some

subset of operators in a specitied EFT basis.

e Sometime later one wants to reinterpret the analysis tor a different set of operators

oINNINg, etc.

RECAST is a framework for reinterpretations like this for BSM searches

e In general, this requires running new signal through the full MC simu

chain. ATLAS is actually doing this with preserved analysis workflows!

ceeping the same event selection, breakdown of signal and control regions, observables,

ation + reco + analysis

But for EFTs we can simply to reweight the existing fully simulated SM events (doesn’t require

running more simulation, reconstruction, etc.)

e The service could calculate the coefficients for the mini-database based on truth-level

kinematics and export a new statistical model that implements the statistical model for

those operators as describe above.



Conclusion

Recently there has been rapid increase in the number of tull statistical models (or "likelihoods")
oublished by the experiments — mainly for BSM searches and their reinterpretation.

* Ironically, it's not being used much for EFTs. This should change!

* |t would allow theorists and others to reproduce and combine measurements with the same gold

standard as the internal experimental results.

We will need to define new specifications for components of statistical models that describe the
details for how distributions of observables depend on EFT parameters including interterence eftects

* This is already very mature, but we should make the specitications concrete and then implement

them in public tools

* Approaches based on event-by-event reweighting and on-the-fly creation of histograms have
some nice properties and should be explored

Finally, we have all the ingredients needed to create a RECAST-like service for EFTs that would allow
us to reweight fully simulated samples of events to new EFT scenarios at some point in the future
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Recasting through reweighting

By Kyle Cranmer, Lukas Heinrich 2 Sign in with ORCID
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Recasting refers to reinterpreting the results of searches for new particles or standard model measurements in the
context of different theoretical models [1]. The fundamental task is to replace the original hypothesis p(x) with a new
hypothesis p; (x), where x is some observed quantity. The effect of the detector response and analysis cuts can be Metadata

encoded in a folding operator / , W(x|z)dz acting on the truth-level distribution p(z). By keeping the analysis fixed, DOI https:/doi.org/10.5281/zenodo. 1013926
W(x|z) does not change, thus recasting amounts to:
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po(x) = / ,LPo@DWkl|)dz = pix)= / , 1 @) W(x|z)dz

There are two primary approaches:

« folding: Samples from p; (z) are run through a detector simulation and analysis chain to estimate p; (x) [2]. This
is common when z is high-dimensional, py(z) and p; (z) are very different, or W(x|z) is sensitive to experimental
details.

« unfolding: An alternate theory p; () is compared directly to an unfolded distribution p(z) obtained from applying
an approximate inverse operation to the observed data. Typically, unfolding is restricted to low-dimensional x, z
and Gaussian uncertainties.

We point out a third option

« reweighting: Reweight pre-folded events (x;,z;) ~, po(x, z) by the factor r(z;) = p1(z;)/po(z;), as in

p1(x) = / p1(@W(x|z)dz = / , Do (2) i) W(x|z)dz
po(2)

-.P.l
reweighting

This approach does not require simulating new events or the approximations used in unfolding. Note, sample
variance becomes a problem if r(z;) >, 1.

https://beta.briefideas.org/ideas/8106c030eba?22dd3a8d268940d5e42d8



3 Interpretations based on SM Effective Field Theory

3.1 Methodology of Effective Field Theory interpretations

The Standard Model Effective Field Theory provides an elegant language to encode the modifications of
the Higgs boson properties induced by a wide class of BSM theories. Within the mathematical language of
the SMEFT, the effects of BSM dynamics at high energies A > v, i.e. well above the electroweak scale
v = 246 GeV, can be parametrised at low energies, £ < A, in terms of higher-dimensional operators built
up from the Standard Model fields and respecting its symmetries such as gauge invariance. This yields an
effective Lagrangian:

Na=¢

Na=s
ci b;
Lsmerr = Lsm + Z A_IZO‘@ + Z A—QO](.S) ..., 4)
i J

where Lgy is the SM Lagrangian, Ol.(G) and O}g) represent a complete set of operators of mass-dimensions
d=6andd =8, and c;, b; are the corresponding dimensionless Wilson coeflicients. Operators with d = 5
and d = 7 violate lepton and/or baryon number conservation and are not considered in this study. The
effective theory expansion in Eq. (4) is robust, fully general, and can be systematically matched to explicit
UV-complete BSM scenarios.

The cross-section predictions for a specific process, calculated as described above, are estimated as the sum
of three terms:

OSMEFT = OSM + Tint + OBSM, 5)

where oy is the SM cross-section, oy describes the interference between the SMEFT operators (BSM
processes) and SM operators, and ogsy is the cross-section involving exclusively SMEFT operators. When
considering only d = 6 SMEFT operators, it follows from Eq. (4) that oj,; consists of terms involving
a single d = 6 SMEFT operator, suppressing each term by a factor A=2, and that oggy contains terms
involving products of two d = 6 SMEFT operators, suppressing each term by a factor A™*. For this reason,
the impact of the ogsm term is generally expected to be small, though its impact may still be non-negligible
in certain regions of phase space, e. g. when energy scales are of order A.

The predictions are further modified by the impact of SMEFT operators on Higgs boson decay branching
ratios. Since the Higgs boson is a narrow, scalar particle, and only on-shell production is considered in
this analysis, its production cross-section and decay width factorise. The impact of SMEFT operators on
production and decay therefore also factorises and can be derived independently. Thus, the cross-section

for a given Higgs boson production process i in particle-level region k" and for a given decay mode H — X
is

I‘*H—)X + FH—>X + FH—>X
iK' H-X _ ik HoX _ ik ik ik sM int BSM
(xB)gyger = Osmerr X Bsmerr = (O'SM t e T O-BSM) x H . H,H :
gy +10 +T
smthinet 1 Bsm

The factorised SMEFT prediction is calculated with ratios as in Eq. (6) to utilise the SM prediction at the
highest available order:

FH—>X rH—>X

obk oLk 1+ F=x + <o
(O_XB)i,k/,H—)X — (O_XB)i,k,,H—)X (1 int,(N)LO + BSM,(N)LO ) FSM IﬂSM (7)
SMEFT SM,(N(N))NLO ik K A [H ,
OsmmLo  TsmmLo 1+ o+ 5
SM SM

where the ratios oy /osm and iy /I'spm have a linear dependence on SMEFT operators and are suppressed
by a factor A2, and the ratios ogsym /osm and I'gsm /I 'sm have a quadratic dependence on SMEFT operators
and are suppressed by a factor A™*. In the analysis, these ratios are parametrised as

ik’ ik’

o o
int  _ Tik . BSM _ Tik .
= 2,47 e W= 2, Bt ®
Tsm j Osm jlzj
T L T T ©
FH—>X - J J FH—>X - Jjl jcl
SM 7 SM iy
rd . A
int _ rd BSM _ r#
rH ~ ZAJ' €j rH Z B cjer, (10)
SM j SM Jil=j
with
H—-X H—-X
S TAXAT S TACXE
ATt = X gl = X (11)
Jj ZI-*H—>X jL - ZFH—»X
SM SM
X X

In Eq. (11) all Higgs boson decay modes X with up to four final-state particles are included in the sum. All
A;.Ti”", AJF.H_)X, B;’”"J and BJF.ZH_)X coeflicients are constant factors obtained from simulation that express

the sensitivity of the process to the operators O; and Oy that correspond to the Wilson coefficients ¢ ; and ¢;,

3.1.2 Cross-section calculation with linear terms

In a scenario where A ~*-suppressed contributions are ignored, the predicted deviation of the cross-section,
partial width and total width from their SM values can each be explicitly linearised as a function of the
Wilson coefficients ¢. Ignoring all A~*-suppressed BSM terms in Eq. (7), and using the parametrisation of
Egs. (8)—(10), the expression for the cross-section times branching ratio reduces to

H—-X
O'i’k, lnHt X
ik H—X _ i,k' H—X int,(N)LO T
(0XB) MEFT = (O-XB)SM,((N)N)NLO x |1+ — —
T SM,(N)LO 1+ -
SM
FH—)X .
I+2 Aj Cj
) kl H—X O K/ J
= (oxXB)oy X 1+ZA.’ ci| X
J ,
SM,((N)N)NLO R 1+3 A7)
J o
J
Ok FH—)X 4
+3 (A7 + A7) ¢; 40 (A7)
_ ik’ H—-X J
= (0XB)gynnnLo X , (12)

1+3 A e+ 0 (A4
j

where all higher order terms in the expansion are suppressed by power A~* or beyond.



