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Short answer ...

Yes! wWe even have a forum dedicated to doing just that ...

TWiki > = LHCPhysics Web > LHCPhysics > InterpretingLHCresults (2019-10-26, SabineKraml) JEdit Attach PDF

Forum on the Interpretation of the LHC Results for BSM studies

The quest for new physics beyond the Standard Model is arguably the driving topic for Run 2 of the LHC. Indeed, the LHC collaborations are pursuing searches for new
physics in a vast variety of channels. While the collaborations typically provide themselves interpretations of their results, for instance in terms of simplified models, the full
understanding of the implications of these searches requires the interpretation of the experimental results in the context of all kinds of theoretical models. This is
a very active field, with close theory-experiment interaction and with several public tools being developed.

With this forum, we want to provide a platform for continued discussion of topics related to the BSM (re)interpretation of LHC data, including the development of the necessary
public RecastingTools and related infrastructure.

If you have questions or want to contribute, contact Sabine Kraml, sabine.kraml@gmail.com, or any of the topical contacts given below.

Current Members = ~ 100 participants from pheno & experimental communities

Starting point : https://twiki.cern.ch/twiki/bin/view/L HCPhysics/Interpretingl HCresults
Join the mailing list : info-LHC-interpretation@cern.ch

~ Regular workshops - latest 15t - 19t February 2021 : https://indico.cern.ch/event/982553/
- Dedicated sessions on LLP searches, EFT (re)interpretations & non-LHC experiments (neutrino, dark matter...)
- Tutorial sessions for public re-interpretation tools (all recorded, have a go yourself!)
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Recommendations for re-interpretations

...........................................................

: Recommendations emphasise:

1. Prompt availability of numerical analysis data
in digitised electronic form to enable re-use.

: 2. More complete publication of full-detail :
experimental data:

S. Kraml @Reinterp2021

correlation information '

public likelihoods

Open Data

forensic analysis code preservation 5

: 3. Community-wide dialogue regarding re-use of :
: unbinned fits and machine-learning algorithms. :

Moreover, theorists should (start) to follow the same
reproducibility requirements as we ask them from the :
experiments. ;

“Re-use means a longer legacy for analyses, as well as
compliance with ever stricter requirements of data-publication
and reusability for publicly funded research.”

SciPostPhys.9.2.022 (2020) |

Reinterpretation of LHC results for new physics:
status and recommendations after run 2

The LHC BSM Reinterpretation Forum

Abstract

We report on the status of efforts to improve the reinterpretation of searches and mea-
surements at the LHC in terms of models for new physics, in the context of the LHC
Reinterpretation Forum. We detail current experimental offerings in direct searches for
new particles, measurements, technical implementations and Open Data, and provide a
set of recommendations for further improving the presentation of LHC results in order
to better enable reinterpretation in the future. We also provide a brief description of ex-
isting software reinterpretation frameworks and recent global analyses of new physics
that make use of the current data.

Copyright W. Abdallah et al. Received 02-04-2020 ®)
This work is licensed under the Creative Commons Accepted 06-08-2020 Ch; )
Attribution 4.0 International License. Published 21-08-2020 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.9.2.022
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Where to find them

HEPData X +

(& @ https://www.hepdata.net

X HEPData

QBrowseall &

< Hide Publication Information

Search for long-lived charginos
based on a disappearing-track
signature in pp collisions at

/s = 13 TeV with the ATLAS
detector

The ATLAS collaboration

Aaboud, Morad , Aad, Georges , Abbott, Brad ,
Abdinov, Ovsat , Abeloos, Baptiste , Abidi, Syed
Haider , AbouZeid, Ossama , Abraham, Nicola ,
Abramowicz, Halina , Abreu, Henso

JHEP 1806 (2018) 022, 2018

(https://doi.org/lo.l7182/hepdata.78375.v3

i

Abstract (data abstract)
CERN-LHC. This paper presents a search for direct
electroweak gaugino or gluino pair production with
chargino nearly mass-degenerate with a stable
neutralino. It is based on an integrated luminosity of
36.1fb~! of pp collisions at 4/5=13TeV collected by
the ATLAS experiment at the LHC. The final state of
interest is a disappearing track accompanied by at
least one jet with high transverse momentum from
initial-state radiation or by four jets from the gluino

Q Search HEPData

Y Filter 47 data tables
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Data from the publication's Figure
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Pixel-tracklet pr spectrum of fake
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Data from the publication's Figure
7a
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Pixel-tracklet pr spectrum of
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Gersion 3 modifications: Fix the acceptance times efficiency table)

Tracklet pTEWVR (fake) 10.17182/hepdata.78375.v3/t1

Resources

Data from the publication's Figure 7a

Pixel-tracklet pr spectrum of fake tracklet in electioweak channel in the low-Emiss
region.
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LHC “data” spectrum

Wide spectrum of how experiments do and can present results = spectrum separated in terms of
how easy it is to re-use the results provided

mi : Simplified REANA/RECAST
=55 w7/ Simplified model Likelihoods
o o workflows
. limits Inclusive XS ‘
Z Inspired by P. Owen (@ Reinterp2021
:1130 2(;0 3(;0 4(‘)0 ‘ 1000 m, [Gé?/‘?o
S ® L = ek
Exclusion limits/contours I e Unfolded/ Open data
In UV-complete models  Signal strengths Fiducial XS _
p Amphtudes PUbIlShed (fU“)
: likelihoods .
Most assumptions No assumptions
(easy to use) (more expert level)

Clearly benefits across the spectrum (we should add to not subtract from these!)
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https://indico.cern.ch/event/982553/contributions/4206959/attachments/2190141/3701447/likelihoods_and_more_at_LHCb.pdf

Meaurements for re-interpretations

In Higgs physics, often find “signal-strength” measurements
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https://arxiv.org/abs/1809.10733

Meaurements for re-interpretations

In Higgs physics, often find “signal-strength” measurements
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Meaurements for re-interpretations

In Higgs physics, often find “signal-strength” measurements

0
> MU =

(0:)sm

and pf—

~ (BR )y

BR/ ;
Standard model defined by pt; = §° =

—> Assume only total rate of ii=>H-—>ff is modified by new physics (ok in certain models)
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Unfolding

Unfolded measurements popular for
interpretations

Pros:

 Removes the need to model the
detector to compare to theory

e Systematic uncertainties included in
the measurements

Unfolded measurements can be used
outside of experiments (c.f Contur)

Truth/Gen Level
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0.25/- ++ =
0.2 + B
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Smearing

Unfolding

Reconstructed

e e
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1200€-J.Ldl-1.04'b" - data .
! ) £ iejets
1000 V W Z+jets -

Events /0.3

Alyl

Smeared MC/observed data

See M. Kuusela’s PhyStat Seminar for more unfolding issues

Nicholas Wardle
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https://indico.cern.ch/event/882374/attachments/2012749/3363408/CERN_Apr_2020.pdf
https://contur.hepforge.org/

Unfolding “LHC constraints on a B - L gauge model using CONTUR” [1]
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[1] S. Amrith, J. M. Butterworth, F. F. Deppisch, W. Liu, A. Varma, D. Yallup JHEP 1905 (2019) 154
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https://link.springer.com/article/10.1007%2FJHEP05%282019%29154
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032005
https://rivet.hepforge.org/
https://hepcedar.gitlab.io/contur-webpage/

Unfolding?

Unfolded measurements popular for
interpretations

Pros:

 Removes the need to model the
detector to compare to theory

e Systematic uncertainties included in
the measurements

cons:
 (Ofteninvolves Gaussian
approximations

* Regularization required where
response matrix very non-diagonal
(can lead to biases)

JHEP 01 (2021) 148

JHEP 05 (2019) 141 WH(=>bb)
Truth/Gen Level Smearing Reconstructed
.“" Sl ".':";\r e
- e 9w *} > O Om F) heineena =
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Unfolding

MC/unfolded data Smeared MC/observed data

Nicholas Wardle
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https://link.springer.com/article/10.1007/JHEP05(2019)141
http://dx.doi.org/10.1007/JHEP01(2021)148

Unfolding?

Unfolded measurements popular for
interpretations

Pros:

Removes the need to model the
detector to compare to theory
Systematic uncertainties included in
the measurements

cons:

Often involves Gaussian
approximations

Regularization required where
response matrix very non-diagonal
(can lead to biases)

Often use ML based quantities to
subtract backgrounds/classify
signals = how would we unfold
these to particle level?

Truth‘

Nicholas Wardle

JHEP 01 (2021) 148

137 b (13 TeV)

= CMS

e Post-fit

= VBF-SR Run2
L m,=125.38 GeV

L B R B
¢ Data .H—)uu j
Wzi-ew  [pY ]
B Top quark []Diboson ]
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8 10 12
VBF DNN bin

ved data
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https://link.springer.com/article/10.1007/JHEP05(2019)141
http://dx.doi.org/10.1007/JHEP01(2021)148

Dffolding

Instead, we can re-interpret in the folded space
—> published likelihoods

Not really a new idea....

Massimo Corradi

Workshop on It seems to me that there is a general consensus that what is really meaningful for an experiment

confidence limits (2000) 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?

Louis Lyons

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

Nicholas Wardle 14


https://cds.cern.ch/record/452080

LHC “data” spectrum

. / \
| will focus on these Simplified

. REANA/RECAST
today Simplified model Likelihoods work/ﬂows
limits Inclusive XS ‘
Exclusion limi Unfolded/ Open data

strengths / Fiducial XS

In UV-complete models
Amplitude

Published (full)
likelihoods

Most assumptions No assumptions
(easy to use) (more expert level)

Caveat: | mostly work on high-pT experimental LHC physics so examples mostly inspired from ATLAS/CMS results =
most of what | say however applies to LHC analyses in general and even beyond in some cases.

Nicholas Wardle



Common choices for searches at the LHC

General form* for our experimental likelihood b
; L(e, 8)m(8) = [] Pr(n"

(for measurements, searches...)is

(e, 5)) (&)

Where o are the “parameters of interest” (mass of a new hypothetical particle, cross-section for some new
process ...) and & are the “nuisance parameters”.

[1] G. Cowan, K. Cranmer, E. Gross, O. Vitells Eur.Phys.J.C71:1554,2011 * For Bayesian approaches 7T(5) — 7T(C¥, 5)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-011-1554-0&v=8e59937c

Common choices for searches at the LHC

(for measurements, searches...)is

General form* for our experimental likelihood L(a, 5)7’(’(5) _ H Pr (n(I)bS nl(a, 5)) 7T(5)

Where o are the “parameters of interest” (mass of a new hypothetical particle, cross-section for some new
process ...) and & are the “nuisance parameters”.

At the LHC, the profiled likelihood ratio test statistic is
& = [l | the most common choice [1] 2 one parameter of
interest u — common multiplier for total signal yield

[1] G. Cowan, K. Cranmer, E. Gross, O. Vitells Eur.Phys.J.C71:1554,2011 * For Bayesian approaches 7T(5) — ﬂ-(a7 5)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-011-1554-0&v=8e59937c

Common choices for searches at the LHC

General form* for our experimental likelihood obs
(for measurements, searches ...)is L(aa 5)7T(5) = I I Pr (nI

(e, 5)) (&)

Where a are the “parameters of interest” (mass of a new hypothetical particle, cross-section for some new
)
process ) and & are the “nuisance paran eters”.

At the LHC, the profiled likelihood ratio test statistic is
& = [l | the most common choice [1] 2 one parameter of
interest u — common multiplier for total signal yield

nr(p,8) = 1 - Z N, 1 + Z Ny, 1(8) — p1 - ng 1 + np 7(8)| Sum over the signals / background contributions
sigs bkgs

A" | Often use binned likelihood = Pr(.) are Poisson

Pr(n|\) = He_ probabilities

[1] G. Cowan, K. Cranmer, E. Gross, O. Vitells Eur.Phys.J.C71:1554,2011 * For Bayesian approaCheS 7T(5) — ﬂ-(a7 5)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1140%2Fepjc%2Fs10052-011-1554-0&v=8e59937c

Common choices for searches at the LHC

General form* for our experimental likelihood obs
(for measurements, searches ...)is L(aa 6)7T(5) = I I Pr (nl

(e, 5)) (&)

Where a are the “parameters of interest” (mass of a new hypothetical particle, cross-section for some new
)
process ) and & are the “nuisance paran eters”.

At the LHC, the profiled likelihood ratio test statistic is
& = [l | the most common choice [1] 2 one parameter of
interest u — common multiplier for total signal yield

nr(p,8) = 1 - Z N, 1 + Z Ny, 1(8) — p1 - ng 1 + np 7(8)| Sum over the signals / background contributions

sigs bkgs
p A\ A" _ | Often use binned likelihood = Pr(.) are Poisson
r(n|A) = ol € probabilities
5 Nuisance parameter priors and/or “in-
7T( ) situ” measurements of &
[1] G. Cowan, K. Cranmer, E. Gross, O. Vitells Eur.Phys.J.C71:1554,2011 * For Bayesian approaches 7T(5) — ﬂ-(aa 5)
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Toy search for new physics

Category 1 N =1006.50 7, (eff.) 02 (s.f.) Category 2 N =256.40 500 (eff) 0 (s.f) Category 3 N =52.60 "o (eff) "2 (s.f.)

X Observed data

—_
o
N

Nominal background

Number of events

10 New physics signal

X

I 1 T I s v I I I I I O I I I I I I B IIIIIIIIIEIIIIII IILTTTTT?IIII I T I I

TANTONONODOT AN FLOONOOO T ANIDONODOTANIFLOONODOT UM IO O NOD OT-AIM <t OO N O
FFFFFFFFFF NNANANNANNNDDON DN ONT T T T T ITIT OO OO OO O

—_

i

Imagine a (rather simplified) model inspired by a typical search for some Supersymmetric particle or exotic signature.

* There s a single source of background (can also think of this as the sum of all backgrounds)
* The data (observations) are divided into regions we have;

* 3 categories for the data = each category has 30 bins

* Increasing S/B with bin-number, within each category

Nicholas Wardle 20



Toy search for new physics

Category 1 N =1006.50 > (eff.) *'°% (s.f.) Category 2 N =256.40 5o (eff.) 2% (s.f.) Category 3 N =52.60 o, (eff) 72 (s.f.)

-54.12 -26.11 -39.01

e X Observed data

-
(@}
N

Nominal background (= stat unc.)

Number of events

—_
o

New physics signal

A oM OO T A

— —_—r—r—

There are two uncertainties (labelled “efficiency” and “scale-factor’”) on the background yields (N), and each bin has an
uncertainty which is uncorrelated between bins (e.g this could be from limited Monte Carlo statistics used to estimate n))
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Toy search for new physics

+43.50 +13.50 +18.60 +31.10 +7.40 -12.60
Category 1 N =1006.50 ,,, (eff.) ey (s.f.) Category 2 N =256.40 ., (eff.) 3001 (s.f.) Category 3 N =52.60 _;, (eff.) 690 (s.f.)

X Observed data

10?
Nominal background (+ stat unc.)

Energy scale up/down

————— Theory uncertainty up/down

Number of events

10
New physics signal

rrl—r;fw: : m
N I e s e e I o B N I v I v N Y I v A A
O

I
TANTDONODOT AN FLOONODNOT AN IO ONODOTAM FLOON 0 AN 0O © O AMTOONORNOT N
FFFFFFFFFF RN I N S R e L e R e e Y ITINQ LLHV WV OWOO G

| IIIIII|
x
ii'x
X
X

4

There are two uncertainties (labelled “efficiency” and “scale-factor’”) on the background yields (N), and each bin has an
uncertainty which is uncorrelated between bins (e.g this could be from limited Monte Carlo statistics used to estimate n))

Another two uncertainties correlated between bins (“energy scale” and “theory” uncertainty)

In total this means 94 nuisance parameters
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Toy search for new physics

Think of the expected number of background eventsin a
given bin I, as the fraction of events in that bin (f;) multiplied
by the total number of events (N)

+++++
-54.12

Category 1 N =1006.50 (eff) 0o% (s.1.) Category 2 N =256.40 Lo (eff) o7 (s.f.) Category 3 N =52.60 "y, (eff) 12 (s.f)

Observed data

Nominal background (+ stat unc.)

Energy scale up/down

Number of events

————— Theory uncertainty up/down

New physics signal

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

0 are nuisance parameters representing
independent sources of uncertainty (in our
case 94 of them) nr(0) = fr(6)N(6)
0 5 Uncertainties in the normalisation (N)
N(0)=N"- H(l TG «— typically follow log-normals
J
Similarly for un-correlated bin-by-bin
ny (5) 5. uncertainties
o = 1] +er)® ——
Ny j K;and g;; represent the relative size and
direction of the uncertainty
Nicholas Wardle 23



. =~ 2.5/
Toy search for new physics g :_
X 2
The effects of correlated systematic uncertainties on n,are ) [ .
modelled using quadratic(linear) interpo(extrapo)lation — Nominal
function =5
= \
1 2 4
_ ¢0 c v
fr(6) = fr - F(5) HPIj(5J) 3 |
GRS 3
J = 05
ol Alternates
F(6) = ¥ f1(5) , ‘
%5 "4 3 2 1 0 1 2 3 4 s
o)
1
—(5 (05 — )K,IJ (0; —1)(6; +1) + 5(5]-(53- + l)rs:;'j for |6;] < 1
-1 . | 1
p1i(0;) = { 5(3&}3—!—&:“)—2 0j — 2(nlj+f$1])+2 for 9; > 1
[ 1 | &
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Experimental likelihood

Now we can write the likelihood for this search as follows;

90 94
L(p,8)7(8) = [ P(ng™|u D)-Heéﬂ
I=1 j=1
A/Q
np,1(6) = N, H(1‘|‘Kk) le,g (14 €7)°

Nicholas Wardle

25



Experimental likelihood

Now we can write the likelihood for this search as follows;

L(p, 8)m HP )+ 0,1 (8)) He_532'
np,1(0) ZOﬁ @ 'F ﬁ‘( ) - (1+(ep)”

Specifying these terms with this generic form means the full likelihood can be communicated as plain text!

A lot of physicists’ time working on an LHC search is spent on these!

Nicholas Wardle
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Published likelihoods in the wild! if

Xrentiable

Yikelihoods
DOI 10.5281/zenodo.4484948

JSON based (ROOT/XML free) encoded workspaces containing full likelihood
model - Build statistical model + perform inference using pyHF (developed by
L. Heinrich, M. Feickert, G. Stark and K. Cranmer. )

Access to full binned likelihood

b, b, production ;b, > b%° - bh¥%' ;m@E) =60 GeV ; arXiv:1908.03122
1 1 2 %o 1

i N

. . . . . ;‘ B | T T T | I T T | T T T I I T T | T T T I T T T I T ]

> .Swap out c.omponents of likelihood directly inside JSON for 2 1600~ ATLAS Preliminary B
re-interpretations =y _  Vs=13TeV, 139.0 fb" ) i
—> Re-interpret with different signal models via JSON patches ?‘E 1400~ '_'m'éiﬁéggé/i%gt roundirip) (=1 o) o -
— ---. Expected Limit (ROOT) (x10,,j " — .

7 Expected Limit (pyhf) (+10,,.J" - ]

= 8gserveg IE!mr{ F:%% rip) °° / -

1200 Sbserved Limt thyp :

Signal Reinterpretation Signal 10001~ E
Region by “patching likelihood” Region so0of- B
S 600 -

Original analysis (model A) Reinterpreted analysis (model B) 400r B

2001|1|1|1.I|||L/r' [ ST N T T N
400 600 800 1000 1200 1400 1600

m(b,) [GeV]
ATL-PHYS-PUB-2019-029

E. Schanet, Re-interp 2021
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https://github.com/scikit-hep/pyhf
https://indico.cern.ch/event/982553/contributions/4219480/attachments/2190171/3701485/reinterpretation_workshop_210215.pdf
https://cds.cern.ch/record/2684863?ln=en

L] ] [ o ° ijig—)th'i‘:,W—)Iv,h—)bS P LW v
Published likelihoods in the wild! = B L
@ 450F ATLAS wT A
= = Vs=13 TeV, 139 fb™!, All limits at 95% CL 7 L
olg 400 - - - Expected Limit (+10,,) i
€ 350

s Observed Limit (iw",wy)

Example: “Search for direct production of electroweakinos in final states with
one lepton, missing transverse momentum and a Higgs boson decaying into
two b-jets in pp collisions at Vs=13 TeV with the ATLAS detector” on HepData

* Total of 14 bins (split across 8 channels)
* 0O(100) nuisance parameters

e Signal hes for different chargino/neutralino m AT . A
Signal patches for different chargino/neutralino masses 0200 300 400 500 600 700 800 900 1000
m(%,/%,) [GeV]

T IIIII|ll|lIIIlIllllllllllllllllllllll

IIII|IIII|IIIIIIIIIIIIIIlIIIIllIIllIlI

0cot ‘169 (0T07) 08 D''sAyd-an3
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https://doi.org/10.17182/hepdata.90607.v4

[ [ [ ® o i:izcaWhi‘:i?,W—ylv,h—)bS 2 oW v
Published likelihoods in the wild! = B e S L
=0 NN X1
?‘i‘ :22 s=13TeV, 130 1", Alllimits at 95% CL  #» " AN
Olg - - - Expected Limit (+10,,) 2
Example: “Search for direct production of electroweakinos in final states with &  350F — ossevesum 10

one lepton, missing transverse momentum and a Higgs boson decaying into
two b-jets in pp collisions at Vs=13 TeV with the ATLAS detector” on HepData

* Total of 14 bins (split across 8 channels)
* 0O(100) nuisance parameters

. i i i i et R
Signal patches for different chargino/neutralino masses \/ O s L NB00, D0 Soce
m(%./%,) [GeV]

T IllIIllll]IIlllllIIIIlllllllllllllllllllllll

II[IlIIII|IlIIII[IIlllllllll]l[ll[llll

0cot ‘169 (0T07) 08 D'('sAyd-4n3

Short Title Journal Reference )

More likelihoods becoming available

Documents | 2011.10543 | Inspire

Search for chargino and neutralino pair RPV decays; 3L SUSY Submitted to PRD 20-NOV-20 13 139 fb™!

using this approach here Mo e
LR ]
D ts | 2011.07812 | Inspi
Search for displaced leptons SUSY  Submitedto PRL  13-NOV-20 13 139 fo-! LR, iRl
HepData | Briefing | inemai
D ts | 1912.08479 | Inspi
. . Chargino-neutralino pair; 3 leptons, weak-scale mass splittings SUSY 18-DEC-19 13 139 fo ! ocuments | sl
Applied filters: HepData | inemal
D ts | 1911.06660 | Inspi
e } Staus; taus susy 15-NOV-19 13 139 fo-1 Hzcg;‘;"l SBlrieﬁn " .I LI
Keywords: Likelihood available HepData | Briefing | internal
D ts | 1909.09226 | Inspi
Chargino-neutralino pair; Higgs boson in final state, 2 b-jets and 1 lepton SuUsYy 19-SEP-19 13 139 fb™! e =
o HepData | intenal
D ts | 1909.08457 | Inspi
Stop pair, sbottom pair, gluino pair; two same-sign leptons or three leptons SUsYy 18-SEP-19 13 139 fb™! o] gz
HepData | intemal
" JHEP 12 (2019) Documents | 1908.03122 | Inspire
Seotiom;brets SR g0 oeAUETS ° 199" HopData | Briefing | mems
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https://doi.org/10.17182/hepdata.90607.v4
https://twiki.cern.ch/twiki/bin/view/AtlasPublic

Counting inputs

Back to our toy search, how many terms are needed to specify the full LH ?

90 observations 90 expected
(one per bm)/ / signal yields 94
2
o bs — 0
L(u, &) | | P§™ s + 1.1 (8)) - [[ e
Gaussian prior for each/ g=1
nuisance parameter
One term per category = 3*2+3=9 1term for
\ each bin 2 90

1 (8) = N - | [ (14 K)* 7 ﬁ [ [ pr@)|-| (1 +en)™ /
k=1 ol

90 functions; each requires 1+4 / .
quantities to specify = 450 For our toy search, we need 729 Inputs

Nicholas Wardle
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Re-parameterize the backgrounds

We can generate pseudo-experiments for ny, since we know p(§) := 7(§) ~ o300

Use randomly sampled §’and 7,; = n, 1(5’) to determine the distribution of the

backgrounds...

+13.50

N =1006.50 ., (eff) "

Category 1 (s.f.)

Category 2

+18.60 «31.10

N =256.40 7 (eff) 7 (s.1)

«7.40 1260

Category 3 N =52.60 ., (eff) 99 (sf)

Number of events

llllll I IIIIIIII I TTT

x Observed data

H Nominal background (+ stat unc.)

Energy scale up/down
Theory uncertainty up/down

New physics signal

Bin index

In some bins, distributions looks symmetric and Gaussian
—> can be described by 2 moments (mean and variance)

Arbitrary units

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

: | 1ol b Ld—-l.-l 1 | | | | | I | | L1 11 | |1 |-.|-4.-r_A_I L I. Ld 1 | |
0O 60 70 80 90 100 110 120 130
n,
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Re-parameterize the backgrounds

We can generate pseudo-experiments for n,, since we know p(§) := () ~ o300
Use randomly sampled §’and 7,; = n, 1(5’) to determine the distribution of the

backgrounds...

+13.50

Category 1 N =1006.50 ., (eff) "7 (s.4)

+18.60 «31.10

Category 2 N =256.40 ,,, (eff.) oo

«7.40 1260

(s.f) Category 3 N =52.60 ., (eff) 99 (sf)

Number of events

llllll I llllllll I TTT

x Observed data

Nominal background (+ stat unc.)

Energy scale up/down
Theory uncertainty up/down

New physics signal

LU rrrrrrrrr il L rrrrrrrral lllllm
T D N ¥ R P R N R I N 8oy BB R8T T YIS LT o R I BB 3880 3BT B 8LBBR ~ RN RRRRRE>IZIRE RS
Bin index
In other cases however, distributions are very asymmetric ms
—> Skewness (y) provides a measure of asymmetry — 3
- 39 moment relevant for describing backgrounds (m2) P}

Arbitrary units

o
N

|III|III|III|III|III|III|III|III|III|
t

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

——

IJ_.I_I|IIII|IIII|IIII|IIII

—.—
—— —.—
——

L ireteue gl g g1l g |

y =0.80

(@)
o TTT

1 2 3 4

|
5

6

7

8

9

n

62
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Simplifying the likelihood?

For statistical (re-) interpretation purposes we eliminate nuisance parameters (9)
- We are mainly interested in profiled / marginalized likelihoods L(u, d) — L(u)

Since the “backgrounds’ are only dependent on the nuisance parameters, we can approximate in such a
way that the profiled (or marginal) likelihood is preserved as follows [1];

1. Express ny,as a simple expansion (quadratic) in terms of

bined nui ters 9
combined nuisance parameters 9, np.1 ~ a7 + 5191 + CIQ% [=1...90

[1] A. Buckley, M. Citron, S. Fichet, S. Kraml, W.
Waltenberger, NW J. High Energ. Phys. 2019, 64 (2019) *We canrestore (- Ns 1 — Ng () if needed, but for this toy we keep u
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https://doi.org/10.1007/JHEP04(2019)064

Simplifying the likelihood?

For statistical (re-) interpretation purposes we eliminate nuisance parameters (9)
- We are mainly interested in profiled / marginalized likelihoods L(u, d) — L(u)

Since the “backgrounds” are only dependent on the nuisance parameters, we can approximate in such a
way that the profiled (or marginal) likelihood is preserved as follows [1];

1. Express ny,as a simple expansion (quadratic) in terms of

bined nui ters 9
combined nuisance parameters 9, np.1 ~ a7 + 5191 + CIQ% [=1...90

2. Re-parameterize likelihood in terms of u* and 9,> Need to derive (9)!

P=90
1 17T —1
L(p, 8)w(6) = L(p, 0) H P(nS |- ne 1+ ag + b0 + c10?) - e 20 P 0

\ e
\ I pI,J:PJ,IJ

P(x|y) = Poisson probability as before These are the same as
the full likelihood

[1] A. Buckley, M. Citron, S. Fichet, S. Kraml, W.
Waltenberger, NW J. High Energ. Phys. 2019, 64 (2019) *We canrestore (- Ns 1 — Ng () if needed, but for this toy we keep u
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Nearly done with the formulae...

Coefficients obtained by matching moments o dr 1
c;y = —sign(ms ) +/2m cos| —— + - arctan
and appealing to CLT at NLO. . gn(ms,1) il 3 3
.. : 2
Coefflaents a, b and c are determlpgd from b = \/m2,II — 2¢7,
the first 3 central moments of the joint
distributions of n,,, - Mean, covariance and ar = myr—Cr,
skew 1 5
8(ma.11)° Prj = \/(bIbJ) + 8crcymo 1y —brby | .
. . ) > 1 4CICJ
Solutions valid for 5 =
(ms,r)

Nicholas Wardle
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Nearly done with the formulae...

Coefficients obtained by matching moments - dr 1 Ma, 11
cy = —sign(ms ) \/2m cos| — + - arctan 8
and appealing to CLT at NLO. . gn(ms,1) il 3 3 mg I
.. : 2
Coefflaents a, b and c are determlr.we.d from b = \/m2,II — 2¢7,
the first 3 central moments of the joint
distributions of n,,, - Mean, covariance and ar = myr—Cr,
skew 1
3 = brbs)° +8 — byb
8(m2,1[) PLI = 4 (brby)” +8creymg g —brby | -
Solutions valid for 5 > 1 I=J
(ms,1)

Moments can be calculated analytically or (my preference) using pseudo experiments

my 1|= E[n]
o ) A A Th titi the inbut
riaas|= Bl ~ B, )] Mgt
A A 113 simplified likelihood
ms,1|[= El(7; — E[y])"]

Nicholas Wardle
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Convergence of moment calculation

with pseudo-data

Fractional RMS i

L ® ®

- Bin 4
- Bin 62
-»-Bin 86

10*

1

:
05

Number of pseudo-datasets

319 Moment typically requires most toys to get accurate value, however this is mostly true

Fractional RMS in b,

0.2¢

0.18

0.16
0.14f
0.12}

0.1

0.08¢
0.06¢

0.04
0.02

0
1

s +Bin 4

3 +Bin 62

5 - Bin 86

5

3 c 3 s 3
0° 10* 10°

Number of pseudo-datasets

when ms is small and therefore not so relevant!

Fractional RMS in C

O
IIm

0.5
0.4
0.3
0.2F

*

o
—

ot

--Bin 4
- Bin 62
-»-Bin 86

10°

10*

10°

Number of pseudo-datasets
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How well does this approximate the distribution of n;?

We can compare the distribution of 727 obtained in the pseudo-data from

9 — A(full
E / : (fu
i 7 ikelihood)
g ___ B (simplified
5 E likelihood)
< a
* ---  C(linear SL, Pl
explainitin
1 the next slide)
n,

Nicholas Wardle
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How well does this approximate the distribution of n;2

[ 1 True
L1 Symm
1 Asymm

1D hiStOg rams w Category 1 N =1006.50 0, (eff) o= (s.f) Category 2 N =256.40 017 (eff) "o (s.) Category 3 N =5260 0 (eff) 15 (s
. . S x Observed data
— A (full IlkellhOOd) g 10° x Nominal background (= stat unc.)
g a9 ] . Energy scale up/down
—— B (simplified likelihood) 2 X e
- x n B
=& ) _»x jx =g Xy X x
. x [ e x R XX XX XX X —
: —== C(linear SL) 1 ‘ b, ™Y,
2D correlations
% True pdf max T e N N R R AR BF B 3885 888 T 9938 SR 900 3005 5REC 381 885 8ER FRTRRRRREES B3R5 828
---= Symm pdf
—— Asymm pdf In C, there is a further simplification that m; is 0. In this case, the

expressions simplify to*

X31

v N

ny 1(0r) = Ar + Br6;

p(g) N 6—%0Tv_10

X62
lD
\ )
\

Ar=my 1, Br =mao 1, V15 =ma 1y

3
When mg ;/(mq 17)? (the skew) is small, the linear
£ 7N @ X approximation is fairly good, as expected.
X4 X7 X31 X62 X386 *approach as in CMS-NOTE-2017-001, and K. Cranmer, S. Kreiss, D. Lépez-Val, T. Plehn, PhysRevD 91 054032
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https://cds.cern.ch/record/2242860?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.054032

How well does this approximate the distribution of n;2

1 D h i Stog rams Category 1 N =1006.50 0, (eff) o= (s.f) Category 2 N =256.40 577 (6ff) 50 (s.£.) Category 3 N =5260 0 (eff) 15 (s
1 1 x Observed data
—— A (full likelihood . |
I:] TFU e ( u I e l O O x : : - Nominal background (= stat unc.)
|:] Sy m m z X Energy scale up/down
x x :
X
x x

e Theory uncertainty up/down

Number of events

1 Asymm —— B (simplified likelihood)

New physics signal

2D correlations | C (Imear SL)

%  True pdf max 885833
1 ---= Symm pdf
—— Asymm pdf

X7

X31

X62
'O
\

\
IQ
{

\
A\
o

X86

4 Pr— P 7= Pr-—miy
.Y . -
\
i \\\—’,/ N _’// \\_ /I (I\ ’r///
X4 X7 X31 X62 X386 *approach as in CMS-NOTE-2017-001, and K. Cranmer, S. Kreiss, D. Lépez-Val, T. Plehn, PhysRevD 91 054032
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https://cds.cern.ch/record/2242860?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.054032

Get to the punchline already Nick ...

Eliminating nuisance parameters (8 or 0) indicates how 9 ;
—— Full likelihood

accurately we can reproduce statistical interpretations. o | == Simplified likelihood (ms, =0, mz.1;=0)

. . . . e ie w e —-== Simplified likelihood (m3 ;= 0)
e.g. the profiled likelihood ratio test-statistic* is used | ——- Simpiified likelihood > /

to set limits on new physics processes at the LHC
max
Ls™ (1)
Lma.x
S

Lg™ (u) = maxp {Ls(u,6)}

t, = —21n

Inputs for toy search
@ HEPData uploaded to HepData

Public scipy-based code to calculate | éignal strength./.l
@ (S WeliE M SL coefficients and run statistical tests
on GitlLab *No reason why we couldn’t have marginalised the

likelihood to compare Bayesian posterior distributions instead of profiling.
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https://www.hepdata.net/record/sandbox/1535641814
https://gitlab.cern.ch/SimplifiedLikelihood/SLtools

25000

How simple is that ?

Full Likelihood Simplified Likelihood

20000

15000

Counting all the inputs needed

N inputs

10000

In our toy search, we need 90+90+90+(90%90)/2 = 4320 terms
to specify the background yields 5000 /

2 10 30 50 80 100 120
Q = Number of nuisance parameters

—> Total of 4500 to specify the simplified likelihood (with signal
and data) P=90

—> Only needed 729 inputs to specify the full likelihood

Full Likelihood

Simplified Likelihood

If P =number of bins, Q = number of nuisance parameters
* Number of inputs needed for full likelihood ~ 2Q (at large Q)

—> constant for simplified likelihood < 40000
* Number of inputs needed for simplified likelihood 30000
~(P?)/2 + P (at large P) 20000

10 20 40 60 80 100 150 200 250 300 350 400
P = Number of bins
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How simple is that ?

Counting all the inputs needed

In our toy search, we need 90+90+90+(90%90)/2 = 4320 terms
to specify the background yields

—> Total of 4500 to specify the simplified likelihood (with signal
and data)

—> Only needed 729 inputs to specify the full likelihood

If P =number of bins, Q = number of nuisance parameters

* Number of inputs needed for full likelihood ~ 2Q (at large Q)
—> constant for simplified likelihood

* Number of inputs needed for simplified likelihood
~(P?)/2 + P (at large P)

Simplified likelihood greatly reduces complexity for P << Q!

25000

Full Likelihood Simplified Likelihood

20000

15000

N inputs

10000

5000

-

2 10 30 50 80 100 120
Q = Number of nuisance parameters

90000
80000

70000

Full Likelihood Simplified Likelihood

60000

50000

nputs

— 40000
30000
20000
10000

0
10 20 40 60 80 100 150 200 250 300 350 400

P = Number of bins

Q=100
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What about fitting time?

ATLAS Search

O(100) nuisance parameters simplified using python-
simplify

Creating PDF/LH and calculating upper limit:

Full likelihood

Simplified likelihood

10° 3

107 -

Wall time [s]

102 ;
10! 1
10° 5
10"1?

10'2?

18.46

Workspace creation
PDF creation
Hypotest

11.42

8.76
: 4.93
] = ! =
—

0.37
| 0.09

Workspace creation
PDF creation
BN Hypotest

1073

1
Jax

Numpy Tensorflow pyTorch

T

Jax

Numpy Tensorflow pyTorch

Lcoc duaqul-ay "Jaueyss '3

Toy Search

94 nuisance parameters

Evaluate 16 points in a profiled likelihood
scan:

RooFit/MINUIT based full likelihood:
~31son CPU

SLtools based simplified likelihood:
~1.6 son CPU

Easily find speed-up of 10-100X in
terms of fitting / statistical inference
time when using simplified likelihoods!

Nicholas Wardle
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https://github.com/eschanet/simplify
https://indico.cern.ch/event/982553/contributions/4219480/attachments/2190171/3701485/reinterpretation_workshop_210215.pdf
https://gitlab.cern.ch/SimplifiedLikelihood/SLtools

Can we do even betten?

Essentially what we are doing is to approximate the distribution of the mean for the Poisson
probabilities, i.e we want;
p(n(d)[d)
So that we can plug n into the Poisson terms and constrain them. But why stop there? At the end, we care
about *
L(a,d) x p(x|at, d)7(x, O)
Which, once we specify x is just a function;

(a,0) — L(x, 0)

We know of statistical models that can be trained to “learn” this function > Use machine learning to
approximate and communicate the likelihood!

* | know, | know, here | use L for a product of the likelihood and the priors!
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) )
D N N a S e l e l o o S Category 1 N =1006.50 oy (6ff) 0% (s.f.) Category 2 N =256.40 077 (eff) o7 (s.f) Category 3 N =52.60 1t (eff) 2% (s.f)

L x Observed data

Nominal background (+ stat unc.)

Random samples from the toy search experimental
likelihood serve as training data for a Deep Neural
Network [1]

Energy scale up/down

----- Theory uncertainty up/down

Number of events

New physics signal

Bin index

\
oo
:’%‘
o}o

Nevt: 5E05 - Hid Layers: 2 - Nodes: 5000 - Loss: mse

CONRX ;ow
S IEXI
AR —
\ //\\ validation
. Model F3
1075 'SI‘rai:gk;l(e pars: 25490001
. . s Scaled Y: True
hidden layer 1 hidden layer 2 é 10-1 - §§§§%ﬁﬁgﬂﬁ&
2 10 | e
% ]- 0 e \ b Bat;lc P;lorm: ;‘:las’:ace:
« 2 hidden layer NN, with SELU activation functions between = NIACL YRS Ouiimiteer fam (L6000
layers - tested different #nodes in hidden layers. 107 . SRR it e
e Adam optimizer with MSE as loss function to train the NN g
parameters.
« Sampling based on p(x) - in this case known from the expt. LH 0 100 200 300

epoch

[1] A. Coccaro, M. Pierini, L. Silvestrini, R. Torre: Eur. Phys. J. C 80, 664 (2020).
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DNN based likelihoods

Profiled log-likelihood ratio demonstrates accuracy of :zzhgyaFuaast?r? cngeNfErHtrammg O GitHub
DNN likelihood in terms of statistical inference &

* Accuracy depends on number of sample points (N)used
to train (more than required to determine
covariances+skew but not prohibitively large)

ONXX format for publishing LH Oy bledral Nethgik Bxchange

The open standard for machine learning interoperability

—— Numerical maximization 0.30 1 ----- DNN Fy
______ DNN F, N = 1x105 . DNN Fy
6 T |-bana DNN F, N = 2x10> 0.25 1 {=—--DNN-F3
—.—-- DNN F3 N = 5x10°
__ 0.201
g : =~
V1) T UURRUUVINNIGE -SSP SOOI, S i ERS—— =
\% Wilks’ 95.45% _# <t 0.15
*2 < [ ! | SO LA W TN SRR S
N 0.10-
.................................................................................................................... WllkS’6827% 0.05 - ‘/‘/' \\\\\ CHESS V0 Ll et S /./'/
__.__/L-_ ......... '*.\_ ________ - ‘/—U"‘/—'—'*\'*\'—"_‘—'—'/—‘—'
0 P Vi \\.J /./ N e—
L M
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ML-based likehood(ratios)

In some cases, it may be more challenging than necessary to learn the likelihood directly
- if p(x|a) must be obtained from some complex simulation, but can still generate from p

If you can find a function s(x) that is monotonic with r(x; a,,a,) [1],
then;

p(x|ag) _ p(s(x)|ao)
p(x|ar)  p(s(x)|ar)

r(x|ag, 1) =

e.g s(x) can be a classifier trained to
separate o, Vs o,

[1] arXiv:1506.02169
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ML-based likehood(ratios)

In some cases, it may be more challenging than necessary to learn the likelihood directly
- if p(x|a) must be obtained from some complex simulation, but can still generate from p

If you can find a function s(x) that is monotonic with r(x; a,,a,) [1],

Pey(X) + Pe, (%)
then; p(xly) =1 =)= 9 1 + Y Pey (X)
_px¥|ao) _ p(s(¥)|ao) - ,
r(x|ag, 1) = = = | el
p(x|ay) p(s(x)]a1) o0 B
-9 20} T 4")\'2’0\\\

e.g s(x) can be a classifier trained to ?\: B | \Q,ag;o@
separate o, Vs o, " |

i G
Here x can be anything = not restricted to binned likelihoods! =

0.00 0.0z 0.04 0.06 0.08

x
< o0as)
ol

0.10}

0.05

i

[1] arXiv:1506.02169

CARL €) GitHub

i

0.00 ==

0 2
X
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ML-based likehood(ratios)

In some cases, it may be more challenging than necessary to learn the likelihood directly
- if p(x|a) must be obtained from some complex simulation, but can still generate from p

If you can find a function s(x) that is monotonic with r(x; o,,a;) [1], B Deo (X) + D, (%)
then; p(x|y) =(1-7)

p(x[ao) _ p(s(x)]ao) ~ _

p(x|ar)  p(s(x)|ar) T\
O ]
<

+ 7Y Pe, (X)

2

30

r(x|ag, 1) =

20F 4

15+

e.g s(x) can be a classifier trained to
separate o, Vs o,

I
—  p(z|y=0.05)

w
T

— plz]y=0)
data

Here x can be anything = not restricted to binned likelihoods!

Qo

likelihood-free based inference or Approximate Bayesian v on

Computation (ABC) more common outside HEP - See [2] for a \;/_ 015}

very nice review of applications in HEP! 0.10f
g PP CARL €) GitHub

0.05

[1] arXiv:1506.02169
[2] arXiv:2010.06439

0.00 ==

See the PhyStat seminar from Kyle Cranmer for more ML based approaches
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Re-interpret != Re-produce

| was supposed to be talking about
Re-interpretation.

All I've done is show you how we can re-produce
an experimental searches (or measurement)

Nicholas Wardle
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Re-interpret !=

Re-produce

Experimental likelihood

Ly, 0)m(9)

Simplified likelihood
L(u, )

H P(n(l)bs P Ns, T

|

This part is the same for both LHs
—> Changing n,,allows for re-use of the
likelihood for other signal hypotheses

P=90

HP obs

I

M- Ns 1

The same can be true for machine-learned based models for n,;or p(x|ns;,9)

1

+ar + b0 + c167) -

(2m)F

€

1

2

0Tp~1o
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Simplified likelihoods in the wild!

Real experimental likelihoods converted into simplified likelihoods...

““Search for direct production of electroweakinos in final states
with one lepton, missing transverse momentum and a Higgs
boson decaying into two b-jets in pp collisions at sqrt{s}=13 TeV
with the ATLAS detector” E.Phys.J. C80, 691(2020)

Categorize data based on sensitivity to mass

. ~ ~0 ..
difference of X1 and X1, binin e = /252 5% (1 + cos aguy).

L —
D\

AN
AN

S T O e e e e S S P P T ]

180 230 280 330 180 230 280 330
me; [GeV] Mgy [GeV]

* |n this case, assume ma ;27 = 0,m3 1 =0

> 35 ||||||||||||||| > 20 ||||| | L L e > 16_ llll | LN | | LR A
o Data [ Dat ; o ¢ Data .

o &Totm SM O 18[-ATLAS §T:t:| g IRVsies O 4ATLAS N\ Total SM W wets

3 i LIt [ 0i-Muttiboso 3 T Mot mMutiboson] S e e [ bi-Muttibosor
Ry S=13TeV, 13016 gt 1o 1op Il Others D 1pfs=13Tev, 1301 gt oo Wl Others = §=13TeV, 13900 o i top [l Others

2 SR-LM - G E)=(300,75) GeV SR == mEE)=(500,0) GeV B4 === mL;/%,,)=(750,100) GeV
E +++ mZ1.1=(300,150) GeV - - e M )=(600,250) GeV L%’ 10F === m(;/%,,)=(700,350) GeV

o

N
ANNEINRNRIRRRNRRRRR A SRR

180 230 280 330
m.; [GeV]
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Simplified likelihoods in the wild!

Real experimental likelihoods converted into simplified likelihoods...

““Search for direct production of electroweakinos in final states
with one lepton, missing transverse momentum and a Higgs

boson decaying into two b-jets in pp collisions at sqrt{s}=13 TeV
with the ATLAS detector” E.Phys. J. C80, 691(2020)

Categorize data based~%n sensitivity to mass
difference of X1 and X1, binin = /20,2

Events / 50 GeV

o
()
S,

15
E

T Pt

(1 + cos Adpp),

Vs=13TeV, 139 b
SR-LM

180 230

¢ Data
&Total SM

.W +jets

. Di-/Multibosor
.Smgle top [ Others
m(x Ix Ly ) (300,75) GeV

o= m(i‘,/ig.if)=(3oo,150) GeV

280 330
m.. [GeV]

* |n this case, assume ma ;27 = 0,m3 1 =0

o
Irsd L
© 1p[s=13Tev, 139 "

¢ Data
&Total SM

.W+jets

[ Di-Multiboson
M s|ngle top [l Others
= ML /Hai)=(500,0) GeV

as m(if/ii.zf)qsoo.zsm Gev

280 330
m.. [GeV]

¢ Data

.W +jets
@Total SM

. Di-/Multiboson
E 13 TeV, 139 fb! .Smgle top [ Others

:_ SR-HM - MG/7y,)=(750,100) GeV

- m(ij/zg,i“')qmo,sso) GeV

180 230 280 330

m.; [GeV]

500
450
400
350
300
250
200
150
100

50

Comparison of full and simplified

likelihood* based exclusion contours

pp — 72 i; (Wino) production ; 5(: —h 5{?,‘;{: - W 2‘: : 1Lbb /

= &~

= 5= 13Tev, 139,01 ATLAS-SUSY-2019-08 |5
- All limits at 95% CL €
= - Full LH EXp. (1 04yp) 2
:— Full LH Obs. 2
— Simplified LH Exp. (1 0,,;) =
% Simplified LH Obs. =
- b A T ~'c
= :
:llll Illllllllllllllllllllllllllll.I llll‘\llll"llll

100 200 300 400
E. Schanet, Re-interp 2021

500 600 700 800 900 1000
m(z)/m(x,) [GeV]
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Simplified likelihoods in the wild!

““Search for dark matter produced with an energetic jet or a
hadronically decaying W or Z boson at Vs= 13 TeV”JHEP 07 (2017) 014

* Data separatedinto 1or2 jet topologies

* Binned missing transverse momentum distribution
used to separate signal from background

-> 29 bins

12.9 b (13 TeV)
% 105 T L I Ll T L) | L) T T I D;‘a 1 L) I L T T T 1
(O] CMS - Z(vv)ejets ) " 5
; 10* e 2 wiv)ojers : -
ac, 10° B vwzzwz
S B oo quark d
w [ zmsjets. yeiets
10? (=] aco

= Higgs Invisible, m - 125 GeV

10

o= Aal-vector,m = 16TeV

107

1072

(=]

(Data-Pred.) Data / Pred.
| Cpred < ;
= - o

v by s by 1y, |

200 400 600 800 1000 1200
ET* [GeV]

12.9fb" (13 TeV)

mono-V 0 wovies
B wwwzzz
- Top quark
Ziy{ll), yojets
[ Joe

Higgs invisible, m_ = 125 GeV

Events / GeV

s Axigh-vector,m__ = 1.6 TeV
med

1 o
N O D o

(Data-Pred.) Data / Pred.
ap o

300 400 500 600 700 800 900 1000
miss
ET™ [GeV]
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Simplified likelihoods in the wild!

Real experimental likelihoods converted
into simplified likelihoods*...

CMS Preliminary

Axial mediator, g SM.-.0.25, 91

=~ 1400 i T T
[
3. s
$is - == Full likelihood (observed)
z L
g e Full lielihood (expected)
1000 I Simplified likelihood (observed)
[ ceeseee Simplified likelihood (expected)
800 “n
o I
Q| 600
'\-\- -
S i
flﬂ -
| A99
o b
=z E
‘é’ 200
S B

2

(full likelihood)

95%
up

(simplified likelihood) /

©
(o0}
95%
e

_LllllllllllIlllllllllllllll
|
o
(o]

0.7

00 1000

* In this case, assume m3,;r = 0

2000

3000
Myep [GEV]

““Search for dark matter produced with an energetic jet or a
hadronically decaying W or Z boson at Vs= 13 TeV”JHEP 07 (2017) 014

* Data separatedinto 1or2 jet topologies

* Binned missing transverse momentum distribution
used to separate signal from background

-> 29 bins

12.9fb" (13 TeV)
L) I L T T T H
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We != experimentalists

| was supposed to be answering whether we can
re-interpret data from the LHC.

Just because I have the info necessary, doesn’t
mean you do (or someone 10 years from now

does)!




Workflows

Standard workflow for predictions

J.S. Kim

workflow

H Input Possibility A '
New signal model e -
g '
*  UFO+param/proc/run card A. Buckley il — mana
. inpot Posibiliy ¢ ;
[ | :
;; i Reproducible research data analysis platform
M C eneration --------------------------------- :: —— " B Q_L-Bei{— & Fb oyt X BR(A = B) X FB.1ooea
* J.M G +_y_P thia i Ncores ! e . . ._ - . :“f” A_AL_Bw Fitompe x BRA = B) x Ff,
* Herwi e I T — —34—/ AN B/ e ama s
. Sherpa Detector Detector | N ] C/i::)/A G
- : WBR(AS ¢)
. C x»muﬁ... Default DuckFast ) I
; ; : ‘ SModelS
RS Event snalyoes arXiv:1707.05783
. . CMS036: best-fit events for individual RAs - 1SNS3, Np=0
Detector Simulation / L
e  Full/Fast Geant4 T - vaool , '
d _P_Del hes Statistical routines 1200+ 2 -t No
*  BuckFast ool = | ’ I
* Transfer functions s - -
8 80 -
* I MadMiner 83 = -
600+ | 1
- observable ) 05 500 - — -3 Y i
. . . T einosd” 400} s
Vi —r(z,200) . e a00| I e ~
Event Selection/categorisation _,unts Jobservables & S . ’ e
* Rivet . SRS 0; N=1 ;I o |-48] 8 1 101 1
. fo r S I g n a I p ro C e S S Simulation Machine Learning Inference
* M a dAn a l VS I S : M M “Mining gold: Extract Use this information to Limit setting with § § g g § § § §
] - Sta tl Stl C a l l nfe re n C e addiftri:;aslixﬁzgarﬁon train estimator for likelihood ratio standard hypothesis tests Hy [&V] - -
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http://madgraph.phys.ucl.ac.be/
https://arxiv.org/abs/1907.09874
https://herwig.hepforge.org/
https://sherpa.hepforge.org/doc/SHERPA-MC-2.2.5.html
https://geant4.web.cern.ch/node/1
https://cp3.irmp.ucl.ac.be/projects/delphes
https://rivet.hepforge.org/doc
https://launchpad.net/madanalysis5
https://smodels.github.io/

Calibration from experimental meta data

Analysis descriptions needed to tune workflows

METADATA
* MCEvent Gen info (SLHA/UFO)
* Code snippets / RIVET routines for analysis logic
« BDT/ML algorithms where critical for the selection

£

EXPEF%@NST
CMS

« Efficiencies [ Resolutions (in particular for LL searches) needed

to calibrate detector simulation

https://twiki.cern.ch/twiki/bin/view/
AtlasPublic

http://cms-results.web.cern.ch/cms-

results/public-results/publications/

s

(B

ALICE

http://Ihcbproject.web.cern.ch/lhcbp

roject/Publications/LHCbProjectPubl

ic/Summeary_all.html

https://twiki.cern.ch/twiki/bin/view/
ALICEpublic/ALICEPublicResults
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Calibration from experimental meta data

Analysis descriptions needed to tune workflows

METADATA
* MCEvent Gen info (SLHA/UFO)
* Code snippets / RIVET routines for analysis logic
« BDT/ML algorithms where critical for the selection

EXP

£

AR

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

CMS

AtlasPublic

http://cms-results.web.cern.ch/cms-

results/public-results/publications/

« Efficiencies [ Resolutions (in particular for LL searches) needed

to calibrate detector simulation

CMS-SUS-19-006 example (Jets+missing energy search)

o 10% @ 10°
c E e LO Pythia8 = LO Pythia8
% 103— - = MG_amc@NLO+Pythia8 % ;;'l;'«f{__- - = MG_amc@NLO+Pythia8
Y— [ Y— _..T. CMS
o 10%F o )
g g 10 |
€ 10¢ € :
3 3
c C
U3
101 10F
102}
ool O gy g vy Ty g (g g (g s i A TS S S il
0 500 1000 1500 2000 2500 3000 0 500 1000 ) 1500
H; [GeV] HP'™ [GeV]

* Description of statistical methods
« E.g validity of asymptotic approximations if used

G
O,

ALICE

http://Ihcbproject.web.cern.ch/lhcbp

roject/Publications/LHCbProjectPubl

ic/Summeary_all.html

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

ALICEpublic/ALICEPublicResults

Validation in MA5 by M. Mrowietz, S. Bein, J. Sonneveld

Table 1. Pre-selection cutflow for the T1qqqq-1300-100 simplified model.
Cut MAS5 MA5 CMS MA5 MAS5 MA5 MA5 CMS
Pythia8 Madgraph5 Pythia8 Madgraph5 Pythia8 Madgraph5
+Pythia8 +Pythia8 +Pythia8
diff [%)] diff [%)] drop (%] drop (%) drop [%)]
Njet > 2 100.0+£39  100.0+39  100.0+0.0 0.0 0.0 0.0 0.0 0.0
Hr > 300 100.0+3:9  100.0+39  100.0+0.0 0.0 0.0 0.0 0.0 0.0
HIiss > 300 67.5+9:2 75.3+99 77.1+0.5 12.45 2.33 32.5 24.7 22.9
Hp > Hmiss 67.3£3:2 75.2+99 77.0+0.5 12.6 2.34 0.2 0.1 0.1
NolsoMuons 67.3i§;g 75.1+9:2 76.9+0.5 12.48 2.34 0.0 0.1 0.1
NoMuonsTracks 67.240-2 75.1+89 76.8+0.5 12.5 2.21 0.1 0.0 0.1
NolsoElectrons 672402 75.0+09 76.5+0.5 12.16 1.96 0.0 0.1 0.3
NoElectronsTracks 67.1:]:8:? 75.0:&8:8 76.1+0.5 11.83 1.45 0.1 0.0 0.4
NolsoTracks 66.7+9:2 74.5+83 75.3+0.5 11.42 1.06 0.4 0.5 0.8
NolsoPhotons 65.7i§;g 73.4i9;§ 72.5+0.5 9.38 -1.24 1.0 1.1 2.8
Aymiss j; > 0.5 64.9402 72.2+10 71.240.5 8.85 -14 0.8 1.2 1.3
Aymiss j5 > 0.5 58.7+98 65.61:3 64.540.6 8.99 -1.71 6.2 6.6 6.7
Adymiss j3 > 0.3 547493 60.7+19 59.6+0.6 8.22 -1.85 4.0 4.9 4.9
A®ymiss j4 > 0.3 50.4+9-3 55.6+11 54.9+0.6 8.2 -1.28 4.3 5.1 4.7
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http://cms-results.web.cern.ch/cms-results/public-results/publications/
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file:///Users/nick-work/Desktop/cms_sus_19_006_validation.pdf

Example from CMS (EXO-20-004)

“Search for new particles in events with energetic jets and large missing transverse momentum in proton-proton
collisions at 13 TeV” - Full Run-2 data update

HepData entry

« Signal templates & cutflows

» Simplified likelihood inputs

* MC Generator configs for various
signals + MadAnalysis implementation

CMS internal

2016 (13 TeV)
—=2tolle eV

-
<
n

10-3

1074

Effective cross section / pb

-
o
&

Ratio

1.0f

S A B
| CMS Simulation Preliminary

ADD,Mp =7TeV,d=6
E — CMS
i -+ Delphes + MadAnalysis

0.5

! ! TR SRS S A SR SR SR
0 5 10 15 20
Bin index, monojet category

hadron-level
events

Geant 4, PU mixing )—P

Effective cross section / pb

Ratio

2017 (13 TeV)
—TALERL

-
o
o

1073

10~

T T T
- CMS Simulation Preliminary

ADD,Mp =11TeV,d=3 |
e — CMS E
5 <+ Delphes + MadAnalysis

s 4 ++ ]

I AR T T NS TS [T Y SO T A S SN SOY N N H
0 5 10 15 20
Bin index, monojet category

Selection

Delphes

}_,

Selection in MadAnalysis

Compare results

Publically available (link)

See RAMP talk by A. Albert
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-20-004/index.html
https://www.hepdata.net/record/ins1868108?version=1
https://indico.cern.ch/event/1049578/contributions/4416485/attachments/2267454/3859694/2021-06-28_ramp.pdf

Example from ATLAS (SUSY-2018-22)

““Search for squarks and gluinos in final states with jets and missing transverse momentum using 139/fb

of ps =13 TeV p p collision data with the ATLAS detector”

HepData entry

* Full likelihood model
* Analysis snippet codes

* XML for evaluating BDT weights

Additional Publication Resources

Common Resources

Post-fit distribution 1
Post-fit distribution 2
Post-fit distribution 3
Post-fit distribution 4
Post-fit distribution 5
Post-fit distribution 6
Post-fit distribution 7
Post-fit distribution 8
Signal acceptance 1

Signal acceptance 2

Signal acceptance 3

=

C++File

Download

E

gz File

L files for BDT analysis

Download

=

C++ File

Download

E

tar File

Download

Events /0.1

Daté/SM

10 ATLAS — SMTotal E
108k Vs=13TeV, 139 fb” ¢ Data 4
. SRfor GGdf [ Z+jets :
10°F [ WH+jets E
10t - [ ] tt(+EW) & single top 3
=0 Diboson Eg
10°E ] MuIti-Let ?_
= ® I 0\ _ 3
o8 : j 1.,.,*.1‘1 m(g, x?) = (2200, 500) 3
10
]
2 F =
1-5 : ................................................................................................................................................... :
1 z«//;.///4///{///////#//(//9///4//(//(/#//4/%//1//{/%/4//&
0.5 e E
~1 0.8 -06 -04-02 0 02 04 06 08 1

BDT-GGd1 score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-22/
https://www.hepdata.net/record/95664

Re-interpretations in the wild

LHC+LEP constraints on neutralino/charginos with Gambit,
using combination ATLAS+CMS results (simplified likelihood
where available)

EWMSSM. GAMBIT 1.2.0

I ! f f -

800 m3scClL _

| O 20 C.I1. ]

- O 10 C.1. a

» == Best fit _

600 | —

g n _

) | _

o L |

% 400 [ —
=

200__ . - - __

— ——] BT
A
0 =0 -0 -0 ~ 5
le mX2 me mx4 mxit mxg:

More studies on use of full/simplified
likelihoods in LesHouches19 report

SUSY exclusions using
full (ATLAS) likelihoods
in MadAnalysiss

SUSY exclusion contours in
SModelS using (linear) simplified
(CMS) likelihood

CMS-PAS-SUS-16-052
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https://arxiv.org/pdf/2002.12220.pdf
https://smodels.readthedocs.io/en/stable/ConfrontPredictions.html
https://arxiv.org/pdf/1809.02097.pdf
https://cds.cern.ch/record/2751237/files/2101.02245.pdf?version=1

Preservation

Preservation of data is vital for longevity of LHC results

Science 2061

® Many members of the generation who may wish to re-
analyze the LHC Run 3 data in 2061 have yet to be born.

® That generation may wish to re-analyze these data
simultaneously with old LSST and LIGO data using BSM
models that they invent from which (with the help of their
Al assistants) they are able to compute testable predictions
for LHC, LSST, and LIGO data.

® Now ask yourself: What are we doing wrong, or what are
we forgetting, that risks thwarting such heroic efforts forty
year hence?

H. Prosper Reinterp2021

Publishing likelihoods is a step in that direction
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https://indico.cern.ch/event/982553/contributions/4228513/attachments/2190135/3701446/RForum6_2021_Prosper.pdf

Preservation

CERN announces new open data
Preservation of data is vital for longevity of LHC results policy in support of open science

A new open data policy for scientific experiments at the Large Hadron Collider (LHC)
will make scientific research more reproducible, accessible, and collaborative

Science 2061

® Many members of the generation who may wish to re-
analyze the LHC Run 3 data in 2061 have yet to be born.

® That generation may wish to re-analyze these data
simultaneously with old LSST and LIGO data using BSM
models that they invent from which (with the help of their
Al assistants) they are able to compute testable predictions
for LHC, LSST, and LIGO data.

® Now ask yourself: What are we doing wrong, or what are
we forgetting, that risks thwarting such heroic efforts forty
year hence?

H. Prosper Reinterp2021

Data storage solutions at the CERN data centre (Image: CERN)
https://home.cern/news/press-release/knowledge-sharing/cern-

Publishing likelihoods is a step in that direction S hrotnCos now-open-databolicy-sUoport Open science
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https://indico.cern.ch/event/982553/contributions/4228513/attachments/2190135/3701446/RForum6_2021_Prosper.pdf
https://home.cern/news/press-release/knowledge-sharing/cern-announces-new-open-data-policy-support-open-science

Preservation

Preservation of data is vital for longevity of LHC results

Science 2061

® Many members of the generation who may wish to re-
analyze the LHC Run 3 data in 2061 have yet to be born.

® That generation may wish to re-analyze these data
simultaneously with old LSST and LIGO data using BSM
models that they invent from which (with the help of their
Al assistants) they are able to compute testable predictions
for LHC, LSST, and LIGO data.

® Now ask yourself: What are we doing wrong, or what are
we forgetting, that risks thwarting such heroic efforts forty
year hence?

H. Prosper Reinterp2021

Larger efforts to preserve data and analysis workflows
are underway at the LHC experiments....

Help  About ~

Explore more than two petabytes

of open data from particle physics! / /
Start typing... m

search collision datasets, ke education, energy:7TeV

Software | environments preserved
via containers (docker)

Large scale analysis possible via

e CMS analysis in the cloud

* Reana
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https://indico.cern.ch/event/982553/contributions/4228513/attachments/2190135/3701446/RForum6_2021_Prosper.pdf
https://indico.cern.ch/event/882586/contributions/4042623/
http://docs.reana.io/getting-started/tutorial/

Conclusions

Can we really "Re"-interpret data from the LHC?
Long answer, yes but ...

* Beware of approximations in unfolded measurements
* Signal acceptance/response compared to SM.
* Gaussian approximations and regularization
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Can we really "Re"-interpret data from the LHC?
Long answer, yes but ...

* Beware of approximations in unfolded measurements
* Signal acceptance/response compared to SM.
* Gaussian approximations and regularization
* Beware of approximations in simplified likelihoods
 Simplifications in likelihood — combine np = loss of correlation
info between analyses
* Covariance? Skew?...?
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Conclusions

Can we really "Re"-interpret data from the LHC?
Long answer, yes but ...

* Beware of approximations in unfolded measurements
* Signal acceptance/response compared to SM.
* Gaussian approximations and regularization
* Beware of approximations in simplified likelihoods
 Simplifications in likelihood — combine np = loss of correlation
info between analyses
* Covariance? Skew?...?
* You may still have to wait for large scale full likelihoods
* Excellent progress here but can it scale ? e.g H-combination
0(1000) np
* ML based solutions are likely the key
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* Beware of approximations in simplified likelihoods
 Simplifications in likelihood — combine np = loss of correlation
info between analyses

* Covariance? Skew?...?
* You may still have to wait for large scale full likelihoods
* Excellent progress here but can it scale ? e.g H-combination
0(1000) np
* ML based solutions are likely the key
* Validate your workflow/simulations
* Additional information useful to calibrate fast detector
simulations
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* Beware of approximations in unfolded measurements
* Signal acceptance/response compared to SM.
* Gaussian approximations and regularization
* Beware of approximations in simplified likelihoods
 Simplifications in likelihood — combine np = loss of correlation
info between analyses
* Covariance? Skew?...?
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0(1000) np
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simulations
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Conclusions

Can we really "Re"-interpret data from the LHC?
Long answer, yes but ...

https://twiki.cern.ch/twiki/bin/view/L HCP
hysics/InterpretinglLHCresults

* Beware of approximations in unfolded measurements
* Signal acceptance/response compared to SM.
* Gaussian approximations and regularization

* Beware of approximations in simplified likelihoods
 Simplifications in likelihood — combine np = loss of correlation

latest workshop:
https://indico.cern.ch/event/982553/

. TUtO—rials: SModelS 2.0
info between analyses
* Covariance? Skew?...?
* You may still have to wait for large scale full likelihoods S A
1 ? - 1 i ecl adAnalysis adMiner
* Excellent progress here but can it scale ? e.g H-combination
0(1000) np
. . Contur
* ML based solutions are likely the key

 Validate your workflow/simulations

- ) i , New series for ECRs to showcase
* Additional information useful to calibrate fast detector

re-interpretable analyses

simulations . o —> https://indico.cern.ch/category/14155/
* Become a HEP experimental physicists to understand open data?
* Thisis getting much better with software containers, tutorials ... info-LHC-interpretation@cern.ch
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults
mailto:info-LHC-interpretation@cern.ch
https://indico.cern.ch/event/982553/
https://indico.cern.ch/category/14155/
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HepData for published likelihoods

https://www.hepdata.net/record/ins1748602

Additional Publication Resources

External Link zip File

SY-2018-14. The

Search for bottom-squark pair production with the ATLAS
detector in final states containing Higgs bosons, b-jets and e

Cutflow SR-em Download

missing transverse momentum Cuttou st

co-NLSP upper limit on cross

section 2 @ @

seleFtron upper limit on cross Pyth File dat File
section 2

e snippet with the implementation of the SHLAf ctron+smuon
LH selectron upper limit on analysis tion at truth-level
cross section Download
Download

@ HEPData Q search HePData @About @ Submission Help #Signin RH selectron upper limit on
cross section

Q Browse all

smuon upper limit on cross

< Hide Publication Information A section
< Download All Cutflow SR-ee 10.171182/hepdata.ss196.:1/t1 https://www.hepdata. ] & Json @

Search for displaced leptons in 4/s = 13

— Table aux12 LH smuon upper limit on cross
TeV pp collisions with the ATLAS detector section 2 dat File
The ATLAS collaboration Y Filter 46 data tables Cutflow for SR-ee for 5 representative signal points. For the following & mass and lifetime points, the number
of Monte Carlo events generated are: 24,000 for (100 GeV, 0.01 ns), 16,000 for (300 GeV, 1 ns), and 12,000 for
Aad, Georges , Abbott, Brad , Abbott, Dale Charles , Abed Abud, Expected 95% CL exclusion sensitivity. The (500 GeV, 0.1 ns). For the 7 mass and lifetime points, the number of Monte Carlo events generated are: 30,000
Adam , Abeling, Kira , Abhayasinghe, Deshan Kavishka , Abidi, Umitis displayed In the s m(¢ for (200 GeV, 0.1 ns), and 104,000 for (300 GeV, 0.1 ns).
Syed Haider , Abouzeid, Ossama , Abraham, Nicola , Abramowicz, pisnen Sf/4 (argeding s
production.
Haling cmenergies observables reactions
CERN-EP-2020-205, 2020. ) i stau lim >
¥ 13000 ¥ SUSY % Supersymmetry ® PP->SLEPTON SLEPTON

https://doi.org/10.17182/hepdata.98796

Asearch for charged leptons with large impact parameters using
139 fb™! of /5 = 13 TeV pp collision data from the ATLAS detector
atthe LHC is presented, addressing a long-standing gap in coverage

® Proton-Proton Scattering ~ ® Electroweak

® Reparity violating

Abstract

Visualize

 (mass, €(mass, ¢(mass, 7(mass, T (mass,
of possible new physics signatures. Results are consistent with the lifetime) = lifetime)  lifetime)= lifetime) lifetime)= 00~

background prediction. This search provides unique sensitivity to

(100Gev,  =(300 (500Gev,  =(200 (300 Gev, .
long-lived scalar supersymmetric lepton-partners (sleptons). For 0.01ns) GeV,1ns) 0.1ns) GeV, 0.1 0.1ns)
lifetimes of 0.1 ns, selectron, smuon and stau masses up to 720 GeV, ) 40,00
680 GeV, and 340 GeV are respectively excluded at 95% confidence
level, drastically improving on the previous best limits from LEF ) ) . N iinumber. | 50355 &, e i i
of events ( S
LXxo) 25,000
CLexclu he passtriggerand  736.0 238.0 66.3 371 157 S
I displayed in the lif atleast2 G
plane, where 7, is the pure-state baseline leptons 1
> 2leading 393.0 143.0 40.5 18.1 7.84 asocill J
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https://www.hepdata.net/record/ins1748602

Binned likelihood parameterization in pyHF

fmalnx) = [| ]| PoisGeslves @) || exlal)

c € channels b € bins. XEX
- — N -
Simultaneous measurement .. constraint terms )
of multiple channels for “auxiliary measurements

Analysis-specific model terms describing channels with observed events ney given expected events ven(n,X).

Analysis-independent constraint terms for constrained parameters Y.

Veb (@) = Z Vseb (I, X) = Z (l_[ Ksch (7],/\/)) (Vgcb (m x) + Z Asenr (1, x) )

s € samples s € samples \K€ K AeA
N — N

multiplicative modifiers additive modifiers

—

Sample rates vsep With nominal rate vOscs
Additive and multiplicative rate modifiers A(¢) and k(¢p)

E. Schanet, Re-interp 2021
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https://indico.cern.ch/event/982553/contributions/4219480/attachments/2190171/3701485/reinterpretation_workshop_210215.pdf

Simplified likelihood log-likelihood

P
In(Lg(p, 0)m(6)) = Z [n?bs In (png r + ny 1(0)) — (uns 1 +1,1(8)) — ncf)bs!]
I

(B.1)
1 1 _1 P
29 p 0 5 In 27
P obs
811’1[48 ny
= — 1| -ng B.2
ou ;(Uns,l+nb,l(0) ) a (B.2)
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Analytic simplified likelihood coefficients

N
1
ar =nj (1 +trAgy — 5 > w(Ar)’ + O(A4)> :
i=1

. 1/2
by =ay (ArII:I-Al,I +2) YAy A+ 0(A4)) ,

=1

N
PrJ = b1b; (AEI'AI,J + Z Vi(Ar,1:89,7; + Al,J,z'A2,I,i)) +0(A%),

=1

N
a
Cp= FI Z’Yz'(A1,z')3 +0(a%),

=1
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Corrections to correlations

rho,, /(m, /sqr{m, m,;;})

o 1.1

11.08

1.06

1.04

1.02

NSL definition of correlation modified
due to skew term

Ratio of plJ to linear correlation shows
up to 15% correction in toy model
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Unfolded measurements for BSM searches

Measurements of SM processes with same final state as BSM signature ATLAS Ys=13TeV, 3.2 b
useful for reinterpretation ~ 1000§ T T A
O (p™° + jets =
S 900 R o CwPrUwiets)
Number of background-subtracted mISS +
events in MET+jets signal region — § cyﬁd( I I + Jets ) -
D. Price EX 800 § =
p. __ olprtjets) 1  N(pr+jets) § Exp. limit 95% CL (+1 04y,) J
T g(Z(— T8 4 jets)  Cz N(Z(— £147) + jets) 700 % . —
§ = Obs. limit 95% CL .
dersc iion e ( 600 % % Indirect detection limits ~ —
— Numberofiﬁckground—sltjbtracted \ ~ .
events in 'l"+jets signal region ]
500 B
é 12~ ATLAS T ‘ ‘ = EW EFT operator. 3
o LS PO ——— o 400 71 & Vin Voo =
1 0 3 -
! N A -
. J N 300 . . —
R Y Dirac fermion DM -
af- | ERS 200 —
- -+ SM+simp. DM (MX=1O GeV, M, =1 TeV) 1 |- —
o — SM + H—> inv (MH=1?J:’V G:eV, B=50%) = - ]
e ] B 100 E
2l 0 — 000 1800 2000
E 1?‘" + ) ] X\“
S osf + E & EFT scale A [GeV]
200 400 600 800 1000 1200 1400 A
meSS [Gev]

~
Correlations between bins and different observables (can be estimated using bootstrapping).

Unfolded measurements used outside of experiments (eg Contur)
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https://arxiv.org/abs/1606.02266
https://contur.hepforge.org/

SL approximation for a log-normal

w
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—
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=
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o ro\/2m 202

ind ;
(3]
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o it ) |

—
o
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o
(3]
LI I B

=
o
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Figure 1. The log normal PDFs and corresponding normal approximations for ¢ = 0.1, 0.3 and
0.45 are shown in blue, cyan and purple respectively. Solid curves show the true distributions,
dashed curves show the approximate distributions.
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Signal or background

In measurements we are used to thinking of Signal / Background

How to account for S-B
interference if already
background subtracted?

Events / 4GeV

\'|""|""|""|""|'_

724l

350

300

250

200

150

100

50

CMS Preliminary 2016 + 2017 + 2018

137.1 b (13 TeV)
T

@

(00}
o

100

H->4l

iy *

.i:’.

200

Full pp=> 4l combinations are the correct way to interpret the data

—>Need to consider all contributions together

T a1 N
¢ Data ] E
[]H(125) 13
q9-2Z,2y* 7
B 99—-2Z, Zy* 1=
I Z+X 1@
%9
R
gglqq=>4l
\ ]

300 200 500
m,, (GeV)

e.g unfolded
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Automating the workflow!

The future @ LHC could be to perform optimal analyses and inference that can be packaged up and
preserved in totality!

parameter 9

ratio

O 0,
approximate
likelihood

‘—>r(:c,z|9)l l =

argmin L[g] — 7(x|0) —>
g

V— t(zx, z|0) >

augmented data

0;
Simulation Machine Learning Inference
agﬂéa'ir;?‘agl?ﬁcjra(;?;a Use this information to Limit setting with
train estimator for likelihood ratio standard hypothesis tests

from simulator

Sourced from https://github.com/diana-hep/madminer.
Excellent tutorial by K. Cramner: https://indico.cern.ch/event/982553/contributions/4220018/attachments/2185603/3706682/MadMiner-tutorial-reinterp-2021.pdf
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https://github.com/diana-hep/madminer
https://indico.cern.ch/event/982553/contributions/4220018/attachments/2185603/3706682/MadMiner-tutorial-reinterp-2021.pdf

HepData

Search for long-lived charginos
based on a disappearing-track
signature in pp collisions at
/s = 13 TeV with the ATLAS
detector

Tracklet pT EW VR (fake)|

Data from the publication’s Figure 7a
TrackletpTEWVR > I
(fake)

cmenergies observables rases reactions

e DOIs minted forwhole record)and(each table)via DataCite.

XML for use with ML routines (in
TMVA)

Future development: support for

Neural Networks

* LWTNN:
https://github.com/lwtnn/Ilwtnn

*  ONNX: https://onnx.ai/

NEM D

L. Heinrich

Digitized versions of results/additional information in HepData

Supports:
* Tabulated data (yields,
exclusion/likelihood contours)

» Efficiency maps

 Covariance matrices (SL)

 Error (sources) breakdowns

* Code snippets

e C++ codes with analysis routines

—> eg for use with CheckMate,
Rivet, MadAnalysis ...

Variables

Trees
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https://www.hepdata.net/
https://www.researchgate.net/publication/259220248_CheckMATE_Confronting_your_favourite_new_physics_model_with_LHC_data
https://rivet.hepforge.org/
https://madanalysis.irmp.ucl.ac.be/
https://github.com/lwtnn/lwtnn
https://onnx.ai/

Re-interpretation
frameworks

Writeup contains a (non-exhaustive)
list of existing re-interpretation
frameworks for searches at the LHC

* Further details about each workflow,
describing type of experimental
input and key outputs given in report

* Typically our searches can be used
for at least one of them, but the
more information we provide, the
more of them can use it!

Nicholas Wardle

Package Refs. Experimental inputs Event Detector Inference/Output
input simulation
GAMBIT 12,  Cut-flows, analysis logic, particle BuckFast Detector-level
(ColliderBit) 99—  object-level efficiency (smearing &  distributions, signal
101 functions, observed event efficiencies) region efficiencies,
numbers in signal regions, simplified likelihood for
background covariance calculating exclusion
matrices limits/contours
CheckMATE 95,  Cut-flows, analysis logic, particle, Delphes Detector-level
96 object-level efficiency parton distributions, signal
functions, observed event region efficiencies, ratio
numbers in signal regions of predicted to excluded
cross-section
MadAnalysis5 17—  Cut-flows, analysis logic, particle Delphes; Detector-level
19,  object-level efficiency customisable  distributions, signal
97, functions, observed event smearing region efficiencies,
98 numbers in signal regions, 1—CL values
background covariance
matrices, JSON likelihoods
Rivet 48, Cut-flows, analysis logic, particle Customisable Truth/detector-level
49 detector smearing & smearing distributions
efficiency functions
Contur 61 Unfolded (particle-level) particle N/A Exclusion contours in
differential cross-sections BSM model space
via Rivet
ADL interpre- 20,  analysis logic, external particle External cutflows, event-by-event
ters: adl2tnm, 53, functions of complex (Delphes, weights per region,
CutlLang 54 variables, object or event CMS and histograms
level efficiencies ATLAS
simulations)
Recast 8 Experiment-specific formats parton  Experiment-  p-values, upper limits,
owned (fast) likelihood values
simulation
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Implementing analyses validation

CMS analyses, 13 TeV

Great effort to validate

analyses implemented in MA5

Analysis Short Description Implemented by Code Validation note Version
CMS-SUS-16-033 Supersymmetry in the multijet plus missing energy channel (35.9 fb-1) F. Ambrogi and J. Sonneveld Inspire PDF v1.7/Delphes3
CMS-SUS-16-039 Electroweakinos in the SS2L, 3L and 4L channels (35.9 fb-1) B. Fuks and S. Mondal Inspire PDF v1.7/Delphes3
CMS-SUS-16-048 Compressed electroweakinos with soft leptons (35.9 fb-1) JBYF%:‘ZZ mﬁg S:Egz:z: 222 é.93’?n22000026..10292325§)7 \\:i:gjgglspheﬂ
CMS-SUS-16-052 SUSY in the 11 + jets channel (36 fb-1) D. Sengupta Inspire PDF v1.6/Delphes3
CMS-SUS-17-001 Stops in the OS dilepton mode (35.9 fb-1) S.-M. Choi, S. Jeong, D.-W. Kang et al. Inspire PDF v1.6/Delphes3
CMS-SUS-19-006 SUSY in the HT/missing HT channel (137 fb-1) M. Mrowietz, S. Bein, J. Sonneveld MAS5 dataverse| = PDF v1.8/Delphes3
CMS-EXO-16-010 Mono-Z-boson (2.3 fb-1) B. Fuks Inspire PDF v1.6/Delphes3
CMS-EXO-16-012 Mono-Higgs (2.3 fb-1) S. Ahn, J. Park, W. Zhang Inspire PDF v1.6/Delphes3
CMS-EXO0-16-022 Long-lived leptons (2.6 fb-1) J. Chang Inspire PDF v1.7/Delphes3
CMS-EXO-17-015 Leptoquarks + dark matter in the 1mu+1jet+met channel (77.4 fb-1) A. Jueid and B. Fuks MAS dataverse|=» PDF v1.8/Delphes3
CMS-EXO-17-030 Pairs of trijet resonances (35.9 fb-1) Y. Kang, J. Kim, J. Choi, S. Yun MAS dataverse|=» PDF v1.8/Delphes3
CMS-HIG-18-011 Exotic Higgs decay in the 2 muons + 2 b-jet channel via 2 pseudoscalars (35.9 fb-1) J.B. Lee and J. Lee MAS dataverse|=» PDF v1.8/Delphes3
CMS-TOP-17-009 SM four-top analysis (35.9 fb-1) L. Darmé and B. Fuks Inspire PDF v1.7/Delphes3
CMS-TOP-18-003 SM four-top analysis (137 fb-1) L. Darmé and B. Fuks MAS5 dataverse| = PDF v1.8/Delphes3

CMS Delphes 3 parametrisation cards for=»EX0-16-010 and SUS-17-001,=» EXO-16-012,=*EX0-16-022,=*EX0-17-015,*EX0-17-030,-> SUS-16-039,-*SUS-16-041,-*SUS-16-052,-* SUS-19-006,-* HIG-18-

011,=TOP-17-009 and=* TOP-18-003.
The SFS detector parametrisations can be obtained from the MA5 dataverse links, together with the corresponding analysis codes.
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Power of unfolding

A good example - |Vcb|
e Early 2017, Belle measures [Veb|. seiie.conrisio

Belle

The Belle Collaboration: A. Abdesselam, I. Adachi, K. Adamczyk, H. Aihara, S. Al Said, K. Arinstein, Y. Arita, D. M. Asner, T. Aso, H. Atmacan, V. Aulchenko, T. Aushev, R. Ayad, T.
Aziz, V. Babu, |. Badhrees, S. Bahinipati, A. M. Bakich, A. Bala, Y. Ban, V. Bansal, E. Barberio, M. Barrett, W. Bartel, A. Bay, P. Behera, M. Belhorn, K. Belous, M. Berger, F. U.
Bernlochner, D. Besson, V. Bhardwaj, B. Bhuyan, J. Biswal, T. Bloomfield, S. Blyth, A. Bobrov, A. Bondar, G. Bonvicini, C. Bookwalter, C. Boulahouache, A. Bozek, M. Bra¢ko, N. Braun,
F. Breibeck, J. Brodzicka, T. E. Browder, E. Waheed, D. Cervenkov, M.-C. Chang, P. Chang, Y. Chao, V. Chekelian, A. Chen, K.-F. Chen, P. Chen, B. G. Cheon, K. Chilikin, R. Chistov, k

Cho, V. Chobanova, S.-K. Choi, Y. Choi, D. Cinabro, J. Crnkovic, ). Dalseno, M. Danilov, N. Dash, S. Di Carlo, ). Dingfelder, Z. Dolezal, D. Dossett, Z. Drasal, A. Drutskoy, S. Dubey, C 2 | b 2 2 2
Gr|Ve q

Precise determination of the CKM matrix element |V,;| with B* — D** £~ 7, decays with hadronic tagging at dF (B
— (B — D/lv) x
dg?

Dutta, K. Dutta, S. Eidelman, D. Epifanov, S.Falke, H. Farhat, J. E. Fast, M. Feindt, T. Ferber, A. Frey, O. Frost, B. G. Fulsom, V. Gaur, N. Gabyshev, S. Ganguly, A. Garmash, M. Gelb, J.
Gemmler, D. Getzkow, R. Gillard, F. Giordano, R. Glattauer, Y. M. Goh, P. Goldenzweig, B. Golob et al. (363 additional authors not shown)
(Submitted on 6 Feb 2017 (v1), last revised 14 Feb 2017 (this version, v2))

The precise determination of the CKM matrix element |V,;| is important for carrying out tests of the flavour sector of the Standard Model. In this article we present a preliminary

50 Z A : s . & 7
analysis of the B D+ £~ Uy decay mode and its charge conjugate, selected in events that contain a fully reconstructed B-meson, using 772 million e* e~ — Y(45) — BB events
recorded by the Belle detector at KEKB. Unfolded differential decay rates of four kinematic variables fully describing the Eo — D** £~ U decay in the B-meson rest frame are D

presented. We measure the total branching fraction B(I-io = D'* £ 1) = (495 + 0.11 £ 0.22) x 1072, where the errors are statistical and systematic respectively. The value of |V, |
is determined to be (37.4 + 1.3) X 107*. Both results are in good agreement with current world averages.

* Measurement and unfolded data published.

~6 weeks later, two papers posted, fitting that data with different parameterisation
of the form factors.

1.6 1
fresh look at the determination of |V_cb| from B-> DA* | nu

1te Bigi, Paolo Gambino, Stefan Schacht
'mitted on 17 Mar 2017 (v1), last revised 26 Apr 2017 (this version, v2))

=0

b7 i ifferent but well-founded izations of the form factors. We show that the CLN
ind BGL parameterizations lead to quite different results for | V.| and provide a simple explanation of this unexpected behaviour. b long lasting discrepancy between the inclusive and

CLN + LCSR
BGL + LCSR

R cb

Inspired by P. Owen @ Reinterp2021
°

10% ndy | Vep |2 F2

'del-Independent Extraction of |V,;| from B = D*/v

amin Grinstein, Andrew Kobach

nitted on 23 Mar 2017 (v1), last revised 7 Jun 2017 (this version, v2))

20
e fit the unfolded data of B — D** £V from the Belle experiment, where £ = e, u, using a method independent of heavy quark symmetry to extrapolate to zero-recoil and extract the
tlue of |V,p|. This results in |V| = (41.9 ffﬂ) % 1073, which is robust to changes in the theoretical inputs and very consistent with the value extracted from inclusive semileptonic B w
cays.

e FF parameterisation much more important than expected, a conclusion not possible without the release of data.
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Measurements for re-interpretation

Combining unfolded measurements with Convino

0 Search or jump to...

[ jkiesele / Convino

fit

top EW
H —— Diboson =
FitMaker ("o
(Coo | O ¢
e CH“'H CHI? C” (1) "
. Co. Cf cm | Crel] O
Cuw @) ) CSZ, C,U
C \\ Cl;q Cll q C” u Cfl(l C:‘ 1
HG — q
g || 'S EWPO W,
tH
Con Co Cg; C&7 Cou Cou
Cru Cic C:{ll _Cr&u Cfx q
\ tt

LC,. H

Higgs

Package Refs. Experimental inputs Model input Inference/Output
SModelS 33, Simplified-model SLHA or LHE (any Ratio of predicted to
35, cross-section upper limits BSM model with excluded cross-section,
36 and efficiency maps from Zs-like symmetry)  exclusion CL (if efficiency
SUSY searches, background maps are available)
covariance matrices
HiggsBounds 90, Model independent (exp. and masses, widths, Ratio of predicted to
91 obs.) 95% CL upper limits cross-sections and excluded cross-section,
and exclusion likelihoods BRs (or effective allowed/excluded at 95%
from BSM Higgs searches couplings) of all CL, x? for specific
Higgs bosons searches
ZPEED 92 Observed event numbers in Model parameters  Likelihood values
signal regions, background
predictions, detector
resolution and efficiencies
DarkCast 93 Simplified-model production  couplings of new 95% CL exclusion limits
mechanism, cross-section gauge bosons to the on couplings
upper limits or ratio map of SM fermions
observed to expected
cross-sections for dark
photon searches
DarkEFT 104  95% CL exclusion limits on  effective couplings 95% CL exclusion limits

dark sector searches and rare

meson decay BRs

for 4-fermion oper-

ators

on the effective coupling

Table II. Summary of public frameworks for the reinterpretation of searches and measurements (continued).

The columns summarise the major inputs from the experiments used for the reinterpretation, the model

inputs, and the principle outputs in terms of performing statistical inference.
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https://arxiv.org/abs/1706.01681
https://indico.cern.ch/event/982553/contributions/4206945/attachments/2190955/3702978/2021_02%20-%20Reinterpretations%20workshop%20-%20EFT%20interpretation%20of%20LHC%20data%20using%20Fitmaker.pdf

Workhorses in experiments

Other tools also used:

Combine  Home

Introduction

Setting up the environment and
installation

For end users that don't need to
commit or do any development

CC7 release CMSSW_10_2 X -
recommended version
SLCB/CCT release CMSSW_8_1 X

What has changed between tags?

For developers

Recommended way to develop a
feature (in a branch)

Combine Tool

Qsearch P Next-> @ Edit on GitHub

Introduction

These pages document the RooStats / Roofit - based software tools used for statistical analysis within the
Higgs PAG - combine.

Combine provides a command line interface to many different statistical techniques available inside
RooFit/RooStats used widely inside CMS.

The package exists in GIT under https:/github.com/cms-analysis/HiggsAnalysis-CombinedLimit
For more information about GIT and its usage in CMS, see http://cms-sw.github.io/cmssw/fag.html

The code can be checked out from GIT and compiled on top of a CMSSW release that includes a recent
RooFit/RooStats

Setting up the environment and installation

The instructions below are for installation within a CMSSW environment

For end users that don't need to commit or do any
development

You can find the latest releases on github under https://github.com/cms-analysis/HiggsAnalysis-

CombinedLimit/releases

CC7 release CMSSW_10_2_X - recommended version

Setting up the environment (once):

export SCRAM_ARCH=s1c7_and64_gcc700
cmsrel CMSSW_10_2_13

cd CHSSW_10_2_13/src

cnsenv

git clone https://github.con/cms-analysis/HiggsAnalysis-CombinedLimit.git HiggsAnalysis/CombinedLint
t

cd HiggsAnalysis/ConbinedLinit

Update to a reccomended tag - currently the reccomended tag is v8.0.1:

cd $CMSSW_BASE/src/HiggsAnalysis/CombinedLimit
git fetch origin

git checkout v8.0.1

scramvi b clean; scramvi b # always make a clean build

Building & organizing complicated

analyses/combinations via higher level tools in CMS

and ATLAS

Many additional tools for validation of results in
these packages...

http://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/

http://histfitter.web.cern.ch/histfitter/

_ LA S T DX

&« c @ @ nhistfitterweb.cern.ch/histfitter/ B e % | Q histfitter -> yin o e
b/ I_l
[ [.llmlu.u-. A software framework for statistical data analysis
0
ust
Software + News
+ Introduction
Introduction + The HistFitter Group
2 i Installation + Acknowledgements
Tutorial
News
o Documentation
¢ Publications & Talks « March 2015: The HistFitter publication is accepted by EPJC.
Example results « March 2015: Tutorial at DESY
Introduction

A software framework for statistical data analysis, called HistFitter, is presented here.

HistFitter has been used extensively by the ATLAS Collaboration to analyze big datasets originating from proton-
proton collisions at the Large Hadron Collider at CERN. Since 2012 HistFitter has been the standard statistical tool in
searches for supersymmetric particles performed by ATLAS. HistFitter is a and flexible k to
build, book-keep, fit, interpret and present results of data models of nearly arbitrary complexity.

It extends existing statistics tools in four key areas:

Programmable framework: HistFitter performs complete statistical analyses of pre-formatted input data samples,
from a single user-defined configuration file, by putting together tools from several sources in a coherent and
programmable framework.

Analysis strategy: HistFitter has built-in concepts of control, signal and validation regions, which are used to
constrain. extranolate and validate data model oredictions across an analvsis. The framework also introduces a

* https://diana-hep.org/pyhf/ - python based, GPU accel.+auto-diff (tensorflow)

* https://github.com/jkiesele/Convino — combining differential measurements

* https://irbourbeau.github.io/pyunfold/ - iterative unfolding
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