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LHC “interpretation’” spectrum
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“Full” Likelihood

The LHC is a random number generator...

Detector Shower Parton-level Theory
Observables : . -
Interactions splittings momenta parameters
Tr < Z2q *—— Zg —— Zp «—— )

[Source: M. Cacciari,
G. Salam, G. Soyez 0802.1189]

[Source: F. Krauss]

=/dzd/dzs/dzp p(x|zq) p(2d|2s) p(2s|2p) p(2p|0)

—» This is THE full likelihood if we substitute our observed data for x

(Example from K. Cranmer)
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“Ful”>“Experimental” Likelihood

We never use the full likelihood for Higgs measurements/interpretations, so | call the most complete thing we use the
experimental likelihood. For Higgs measurements, typically
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“Ful”>“Experimental” Likelihood

We never use the full likelihood for Higgs measurements/interpretations, so | call the most complete thing we use the
experimental likelihood. For Higgs measurements, typically
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Experimental Likelihood interpretations

OpenArt’s “interpretation of experimental likelihood”

O
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Profiled Experimental Likelihood

CMS 138 fb' (13 TeV)

Profiling out the nuisance
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Interpretations - couplings

Higgs interpretations performed by re-parameterizing L(,u, ) — L(Ef, ﬁ)

“Signal strengths” parameterized in
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These days (with more data since LHC Run-2), we can measure more than global signal

strengths and couplings
—> Differential measurements — eg STXS “ i ”

*

Interpretations — STXS

arXiv:2402.05742 (sub to JHEP)
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These days (with more data since LHC Run-2), we can measure more than global signal

strengths and couplings
—> Differential measurements — eg STXS “ i ” *

Exploit sensitivity to kinematic dependence of BSM
contributions = Effective field theory interpretations
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Interpretations — STXS

arXiv:2402.05742 (sub to JHEP)

ATLAS
Vs=13TeV, 139 fb™ e Total Stat.

m,, =125.09 GeV, IyHI <25 - Syst. SM

Total Stat. Syst.

Odet, p!f < 200 GeV ] 1277915 (008,772
1-jet, p* <60 GeV === 066 055 (0% 0%0)
1-jet, 60 = p'f < 120 GeV/ o= 068 ‘oie (s032.70%)
997=H (W) 1-jet, 120 = p'f < 200 GeV == 143 9% (552 0
= 24et, p!l <200 GeV —e— 154 ﬁ:i (%4105
p1=200Gev —o—o 187 0% (55 o)
= 24et, 350 = m; <700 GeV, p!! <200 GeV == 012 0% (*04 Lom)
= 24et, 700 = m, <1000 GeV, p* <200 GeV —eo— 057 088 (1057 w027)
99—>Haq (WW*) " 2 jet, 1000 = m, <1500 GeV, p'! <200 GeV o= 132 "84 (4050 +040)
= 2-jet, m, = 1500 GeV, p// <200 GeV e 119 e (105a.102%)
= 24et, m, = 350 GeV, p!' = 200 GeV/ o= 154 081 (1051 +05)
b ose 93 (32 01
04et, 10 = p < 200 GeV [} 115 923 (018,491
1-jet, p!! <60 GeV' = 2 031 0a (9a 101)
gg—H (221 1-jet, 60 = p!! < 120 GeV o= 142 1052 (1042 4030
1-jet, 120 = p'! <200 GeV e 041 9% (108 1022
e oss 88 (3%.92)
P!l =200 GeV = 241 50 (3 505
e 1o 95 (35 20)
aaetoq 2z =210 <My <120 eV s 151 388 (278 .10%)
= 2-jet, m, = 350 GeV, pY! = 200 GeV N\t—e— 018 ‘209 (+208 .0.18)
Vhtiep (22 —— 120 68 (46 000
{H (22°) —e=— 178 4T (17503
‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L Il L ‘ L L L ‘ L L L ‘ L L L ‘ L L
10 8 % 4 2 2 4 6 8

0
IL_L' o x B normalized to SM value

g e Total Stat.
Vs=13TeV, 139 fb™
m, = 125.00 GeV, Iy | <25 m— Syst M
Total Stat. Syst.
Odet, p <10 GeV e 066 0% (s024,7502)
O4et, 10 = plf <200 GeV ol 124 015 (w015.7033)
- H +0.39 +0.13
1-jet, p! < 60 GeV/ e+ 116 3 (!“Euun)
-jet, 60 = p' < 120 GeV 5 114 7050 (w033, 79%)
THet, 120 = p¥ < 200 GeV [ | 093 0% (5. 19%)
9g—H (rv)
g " 086 (1053 1019
= 2-jet, m, <350 GeV, p! <120 GeV/ e 058 0% (1053.751%)
= 2-jet, m, <350 GeV, 120 = p' <200 GeV e 131 0% (B . 0%)
= 2-jet, m, =350 GeV, p'l <200 GeV —==— 109 =085 (955 7030)
, ‘045 (041 1018
200 = pl! <300 GeV e 156 ‘o4 (0% 7013)
300 = p!f < 450 GeV = | 017 9% (0% 018
47 (42 w041
P’ =450 GeV —=— an 59 (%.0%)
= 1-jet and VH-veto —eo— 1.05 ﬁii (1323 . iﬁ?i)
= 24et, VH-had i 021 5 (5a 538)
= 2-jet, 350 = m, <700 GeV, p" <200 GeV o= 128 1980 (1081, +0%
99->Haq (1) > 2et, 700 = m, <1000 GeV, pf <200 GeV —eo— 147 ey (108 1059
” 1046 (1035 +02
= 24et, m, = 1000 GeV, p'f <200 GeV [F==] 131 s (0% 70%)
= 24et, 350 < m, < 1000 GeV, p! = 200 GeV j—@—] 031 U5 (013 013
= 2-jt, m, = 1000 GV, p = 200 GeV. —o— 169 0% (105703
082 (1080 1016
pY <150 GeV —e— 175 575 (5% 508)
qq—Hiv (1) . 12 (111 1013
pY =150 GeV —e— 165 ‘oo (538 70%0)
088 (1087 101
9a/qq—Hil/vv (yy) Py < 150 GeV Ne— 064 1088 (1087 4013)
410 (+1.08 2021
pY =150 GeV —e— 030 g (oot 0%)
w082 (+081 1011
P} <60 GeV | | 083 ‘ogo (0% ‘00s)
60.% plf <120 GeV e o8t 9% (9% w008
1H (1)
120 = p! < 200 GeV e 0ss 0% (55708
200 < ¥ <300 GeV e 123 o (080 T00e)
096 (1085 1016
P! =300 GeV. —e— 117 578 (,wumz)
413 (1394 4122
o } | 206 Gy (555 55)
097 (1088 1041
Hzy o= 205 g (1057 10%)
1 l i —— l i —— l i —— l i —— l 1 1 l i —— l 11 1 l 11 1 l 11 1 l
-8 -6 -4 -2 0 2 4 6 8 10
— o x B normalized to SM value

Nicholas Wardle

*ignores dominant theory uncertainties 12


https://arxiv.org/abs/2402.05742

2HDM interpretations of STXS measurements

In 2HDM models, SM-like Higgs boson couplings are modified with respect to the SM
predictions = rates of Higgs production/decay ( /i) are modified

L) - L (3(cos(5 - a) an ) )

J
N

L(D) - L (eeos(s ~ o). tan )

Nicholas Wardle
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2HDM interpretations of STXS measurements

In 2HDM models, SM-like Higgs boson couplings are modified with respect to the SM
predictions = rates of Higgs production/decay ( /i) are modified

arXiv:2402.05742 (sub to JHEP)
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Simplified Likelihoods

L(i,7) =[] p (:c S wand 81, (7) + ZBM) It ve) »
n i f k i
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Interpretation of H>invisible
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When the result is presented as single number, interpretation is “straightforward®*”’

Eur. Phys. J. € 83 (2023) 933
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* Nothing straightforward about the work needed to get there : PLB 709 (2012) 65, HEP 05 (2013) 036, EPJC 73 (2013) 2455
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Gaussian approximations

Simple approximation of likelihood allows for fast/easy
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EFT interpretations with Simplified Likelihoods

Comparison of constraints on Wilson Coefficients from simplified likelihood approach with experimental likelihood
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EFT interpretations with Simplified Likelihoods++

Inclusion of asymmetric uncertainties possible with slight extension to Gaussian approximation®

o1 L(fi, V) N — q; + 3 X o Coefficients a, 8, y, and matrix p determined from published
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*Can also use “variable Gaussian” as in S. Kraml, T.Q. Loc, D.T. Nhung, L.D. Ninh C = X(u).p.2(u) [1] J. Araz arxXiv:2307.06996 [2] JHEPo04 (2019) 064
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EFT interpretations with Simplified Likelihoods++

Inclusion of asymmetric uncertainties possible with slight extension to Gaussian approximation®
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Caveats for Re-interpreting Higgs measurements
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Caveats for Re-interpreting Higgs measurements
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Caveats for Re-interpreting Higgs measurements
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A note on combinations of simplified likelihoods

Correlation information between measurements (eg due to theory uncertainties) often lost when using simplified
likelihoods constructed from profiled likelihood ...
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https://arxiv.org/pdf/2109.04981

Why can’t we (you) just use the experimental likelihood then?

Nicholas Wardle
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CMS Higgs observation LH

Even ~12 years ago our Higgs boson

experimental likelihood composed of

* 5 decay channels (analyses)

* Mix of template/parametric
analyses

* ~700 parameters

Extremely complicated statistical

model L -

How can we communicate likelihood
function for (re-)interpretations?

Nicholas Wardle
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Like this...

CERN
416,893 followers

2h-®
CMS releases #HiggsBoson discovery data to the public

The CMS Collaboration has recently released, in electronic format, the
combination of the measurements that contributed to establishing the
discovery of the Higgs boson in 2012.

This release coincides with the publication of the Combine software - the
statistical analysis tool that CMS developed during the first run of #LHC, to
search for the unique particle, which has since been adopted throughout the
collaboration.

Find out more: https://Inkd.in/gq_Tb5UB

CMS releases Higgs boson discovery data to the
public

n Communities My dashboard

%) Login

CDS

Published April 15, 2024 | Version v1.0

CMS statistical models

CMS Higgs boson observation statistical model

CMS Collaboration s8

Introduction
This resource contains the full statistical model from the Higgs Run-1 combination, which led to the Higgs boson discovery, in the format of Combine datacards. The

instructions below include a few basic examples on how to extract the significance and signal strength measurements, for more details please consult the Combine
documentation.

Datacards

Datacards for the ination (and per-decay channel sub- leading to the Higgs-b dist ry at CMS are in the 125.5 folder. The nuisance parameters
corresponding to different sources of systematic uncertainties are described in the *.html and *.yml files located in that folder.

For the full combination of decay channels, the relevant datacard is 125.5/comb. txt . The individual datacards for each of the analyses in CMS targeting the main Higgs
boson decay modes are also in the 125.5 folder.

Software instructions

General installation instructions for Combine can be found in the Combine documentation.

A container image is provided to ensure reproducible results. The results in this README are obtained using v9.2.1:
docker run --name combine -it gitlab-registry.cern.ch/cms-cloud/combine-standalone:v9.2.1

A slim version of the container image is also available at gitlab-registry.cern.ch/cms-cloud/combine-standalone:v9.2.1-slim. Versions of packages in the
slim container image do not match exactly with the ones in the default container, so small differences in the output of commands with respect to the ones shown below are to be
expected.

You can copy files (such as the datacards and other inputs for combine ) using docker cp as documented here.

For the commands below, you may require running ulimit -s unlimited; ulimit -u unlimited to avoid memory issues.

https://new-cds.cern.ch/records/c2948-e8875

1K 118

© VIEWS X DOWNLOADS

» Show more details

Versions

Version v1.0
10.17181/c2948-68875

Apr 15, 2024

Cite all versions? You can cite all versions by using the DOI
10.17181/2cp5k-ggn24. This DOI represents all versions, and will
always resolve to the latest one. Read more.

Communities
CMS
b"”" CMS statistical models

Details

DO (Cite this version - v1.0)

DOI 10.17181/c2948-e8875

DO (Cite all versions)

DOI 10.17181/2cp5k-ggn24

Resource type
Model

Publisher
CERN

home.cern « 3 min read

Full statistical model + data = experimental likelihood!

Note : ATLAS pyHF full experimental statistical models (+data) also available since 2019 but none for SM Higgs measurements yet...

Nicholas Wardle
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https://new-cds.cern.ch/records/c2948-e8875
https://atlas.cern/updates/news/new-open-likelihoods

(Re-)using the likelihood

CMS statistical software (Combine) published to allow (re-) interpretation of published CMS
statistical models (see Combine paper and online documentation)

higgsMassRange=x,y

7)) model --PO

U

-8 Couplings with K1 --P0 dohmm, --PO
2 resolved loops dohzg --PO

w0 dohcchgluglu --PO
L BRU --PO

%]

>

e

o

Couplings with K2 --P0 dohmm, --PO

effective loops dohzg --PO
dohcchgluglu --PO
BRU --PO

higgsMassRange=x,y

POIs

kappa_W, kappa_Z, kap
pa_b, kappa_t,
kappa_tau, kappa_mu

kappa_g, kapppa_gam

, kappa_Zgam, kappa_W
, kappa_z, kappa_b,

kappa_t,
kappa_tau, kappa_mu

, kappa_Zg

Description

Higgs boson couplir ===

H — ~vloops are
options dox=1, the
by the appropriate ¢
are tied to other pro
branching ratio unce
of just using the unc
withrange z < mp

Higgs boson couplir
H — Z~yloops are
the options dox=1,"
scaled by the approj
tied to other proces:
branching ratio unce
of just using the unc

withrange & < My

Python based model implementation

576 v

dfgtHggSg alYieldScale(self, productior

0+@0", "kappa_b")

e RuntimeError("Production %s not supported” % production)

out. function(*c7_BRscal " + BRscal):
ecay mode %s not supported" % decay)

"ggH" and (decay in self.add_bbH) and energy in ["7TeV", "8Tev", "13TeV", "14TeV"]:
MS_R_bbH_ggH_%s_%s [%g]" % (decay, energy, 0.01)
b2gs = "CMS_bbH_scaler_%s" % energy
self.modelBuilder. factory_(

‘exprii%s("(%s + @LH@1x@2+@3)+@4", %s, Kappa_b, %s, %s, c7_BRscal_s)' % (name, Xsscallel, Xsscallll, b2g, b2gs, BRscal)
)

else:
self.modelBuilder. factory. %s+@l", %s, c7_BRscal %s)' % (name, XSscalle], XSscallll, BRscal))

print(" [LHC-HCG Kappas]", nam ray, d=" ")

self.modelBuilder.out. functios

CMS

Combine , \

Command line interface to construct + (re-)parameterize likelihood eg : [i — ﬁ(liv, K:F)
> text2workspace.py -P HiggsAnalysis.CombinedLimit.HiggsCouplings_ICHEP12:cVcF 125.5/comb.txt -m 125.5 -0 comb_kVkF. root
> combine comb_kVKkF.root -m 125.5 -M MultiDimFit —--algo singles

——— MultiDimFit ——-
% best fit parameter values and profile-likelihood uncertainties:

%% ey 2 +0.946 -0.120/+0.113 (68%)
Q% — £y 3 +0.497 -0.170/+0.203 (68%) E—
Nicholas Wardle “%  Done in 3.09 min (cpu), 3.09 min (real) 31


https://arxiv.org/abs/2404.06614
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/part2/higgscouplings/

S u m m a l N Highest level ofin(erpretation Minimal interpretation
“baked in”

. pmt(ldgthtprt ent for Higgs physis)
Interpretations of Higgs measurements of great interest to community ﬁ/
* Evolution with time from inclusive (->kappas) to differential (- EFT) focused S T .
measurements T e
 Ultimately aim is to place constraints on (or better yet discovery) new physics and

the way we get to that matters

SMEFT A =1 TeV
Jo3:

A/V7) [TeV]

e (.

Simplifications facilitate communication + re-use of experimental results
* Gaussian approximation extremely useful but need to be careful of

* correlations (both experimental and theoretical)

* Non-gaussian behavior (we never truly reach asymptotes so precision R SRR L A L

matters) ot mrom e e T e

* Generalizations of assumptions made from SM->BSM not always valid gmes %

* Truly full likelihoods not realized experimentally (yet) though several ideas
emerging (see backup) on doing that

CMS has published first full experimental likelihood - the CMS Higgs
discovery statistical model (+ the data used)

* (Code available to (re-)use the model for interpretations of Higgs results
* Many more planned for the future
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S u m m a l N Highest level ofin(erpretation Minimal interpretation
“baked in”

. pmt(ldgthtprt ent for Higgs physis)
Interpretations of Higgs measurements of great interest to community ﬁ/
* Evolution with time from inclusive (->kappas) to differential (- EFT) focused S T .
measurements T e
 Ultimately aim is to place constraints on (or better yet discovery) new physics and

the way we get to that matters

SMEFT A =1 TeV
Jo3:

A/V7) [TeV]

e (.

Simplifications facilitate communication + re-use of experimental results
* Gaussian approximation extremely useful but need to be careful of

* correlations (both experimental and theoretical)

* Non-gaussian behavior (we never truly reach asymptotes so precision R SRR L A L

matters) ot mrom e e T e

* Generalizations of assumptions made from SM->BSM not always valid gmes %

* Truly full likelihoods not realized experimentally (yet) though several ideas
emerging (see backup) on doing that

CMS has published first full experimental likelihood - the CMS Higgs
discovery statistical model (+ the data used)

* (Code available to (re-)use the model for interpretations of Higgs results
* Many more planned for the future

THANKS!
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Backup Slides
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“Ful”>“Experimental” Likelihood

We never use the full likelihood for Higgs measurements/interpretations, so | call the most complete thing we use the
experimental likelihood. For Higgs measurements, typically

L(f, V) = ! I8!, [@) + (V) (Yi; vi)
i, V) p\|®nf > pip? S, (V By (U p(y;; Vi
n t, f k 1
The “data” in each channel can be ...
B, e Multidimensional observable used to
10° B qqH + ggH (1=0.82) —— Observed 138 b (13 TeV) . I d b k d
Event count(s) after s Toms | 3 mmee ] separate signal and backgroun
some selection 5 | VetV 08 Bl PR cMms 1971 ((F213TeY) g
S }joﬂ; é + H 11 = g 105 < myi< 140 GeV + Data
g ; CMS simulation _;?:::;1:150?;‘,' [ ‘+ - 7 1.00 ;Untag., VBF-1jet-tagged, VH-lep-tagged, ttH-lep-tagged,  titH-hadr-tagged 10°
> 10F (s=8TeV,L=195f" __ 06k : £l T o . ) .
S [ VBFH(nv) i m.. (GeV) . » . .
5 E D acp b R 075l . . ",
< [ i 7 J y | o
10 % oz} NN-analysis | 050 g it : -
10'22 L - - ".. e 09
10'3; ° w m"(Ge\f;” 0.25;—.' ; L * L E
104L , Number of events in a given bin AR e S el ela |
B \5(\)0\ L \10\001 L ‘15\00‘ L édoo Of Some diStribUtlon 105 110 115 120 125 130 1;&:)” (Ge\;)40
M, [GeV]
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“Ful”>“Experimental” Likelihood

We never use the full likelihood for Higgs measurements/interpretations, so | call the most complete thing we use the
experimental likelihood. For Higgs measurements, typically

L(ji,7) = | [ p | 23

Parameters of interest* «

. BR'
=9 and = —
(0)sm (BR g1

Hi

Nicholas Wardle

S/(S+B) weighted events / GeV

a5 0) +

B o

_CMS

LN NN BN LR T
FH—yy, m,, = 125.38 GeV All ggH categories
60 S/(S+B) weighted
- ¢+ Data
— S+B fit
40 N e B component
- |:| +10 E
[ ]=20 —

137 b (13 TeV)
[T ““\““:

50

30

T— Y

By (V) 'Hp(yiSVi)

Decompose into signal and
background contributions

A
_<

* Note several Higgs analyses directly parameterize in BSM terms eg ACH>VV

36


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html

“Ful”>“Experimental” Likelihood

We never use the full likelihood for Higgs measurements/interpretations, so | call the most complete thing we use the
experimental likelihood. For Higgs measurements, typically

(
L(/jv ﬁ) — Hp \xn§ Z,LLi,LLfSZ + ZBk

—
=3
=
5
N—"

I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
m; (GeV)

Nicholas Wardle

i, f L
12;‘ E Dul‘at‘, A, Lazopduioé, B. M‘ist‘lb‘erge_ré . .
W ] Experimental/Detector systematics:
.l oo : * Object efficiencies, energy scales, luminosity
2N S
% 6 L 5(1im)
SR s e - Signal theory uncertainties:
i ™« Inclusive x-section uncertainties, QCD scale, pdf,
r S(scale) ] o . . . 0.2?"\""8‘ -
b UEPS, Branching ratios, jet counting 2%
Collider Energy / TeV ; 0.15; —
= m 4
Background theory uncertainties: R S = =
» Often rather different phase-spaces considered for extrapolating from 005 E
control regions for data-driven estimates o B ey
E — Prediction (prefit) - + Experil E
Higgs Combinations have O(1000)’s nuisance parameters B B
%ﬂzlf .'L" 3 } ] o


https://arxiv.org/abs/1802.00827

Profiling

To estimate parameters of the model (and intervals on the parameters of interest),
(one or two at a time... ), we eliminate parameters of likelihood via profiled likelihood

A

(& “Td)T + (&g )T

Example, say we have just 2 parameters

« L(P,,P,) describes full likelihood

* Profiling out one of the parameters gives
is a profiled likelihood

*  We use Wilks’ theorem to determine

intervals from ratios of profiled log-
likelihood (q)

q(P;) = —2In -

* g=0 > “bestfit” for P,
* Q<1 -2 10 interval for P,

Nicholas Wardle
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t/b

W/Z

Higgs Production and Decay

H-> ff

b, T, 1

b, T, 1

H>VV

U0I303s-ss04d uisealdaq

v

H->vyy

Many production and decay
modes to study Higgs for
my~125 GeV ... access to
many Higgs-SM couplings

Nicholas Wardle




Latest Higgs Combinations (inputs)

CMS: Nature 607 (2022) 60-68

ATLAS: arXiv:2402.05742(sub to JHEP) analysls Decay 83 Production (g

Single Higgs boson production

ggH, pr(H) x Nj bins

D b | Producti Analifsis [ ﬂf’]] Reference  Binning SMEFT Q(I;;:;\I}IS g]l\lld VBF/VH hadronic, pr(Hjj) bins
ecay channe. roduction mode /) /] . .
H — vy [42] Yy WH leptonic, pr(V) bins
H = vy (seF, VBF, WH, ZH, ttH, tH) 139 [38] STXS-1.2 v v ZH leptonic
oo ’ ’ R [19] differential v (subset) tH pr(H) bins, tH
H, pr(H) x Nj bins
. . o . [22) STXS-1.2 v v 8 i j
H—7ZZ (22" — AL: ggF, VBF, WH +ZH, ttH +tH) 139 in differential v (subset) VBE, m;; bm.s
(ZZ" — Uy /llqq: ttH multileptons) 36.1 [27] STXS-0 v H— 77 — 40[43] 4p, 22y, 4e VH hadronic
VH leptonic, pr(V) bins
H— 77 (ggF, VBF, WH + ZH, ttH + tH) 139 [39] STXS-1.2 v v ttH
(ttH multileptons) 36.1 [27] STXS-0 v eﬂ/ee/y‘u ggH < 2-jets
. " . VBF
H—WW*  (ggF, VBF) 139 (40] STXS-1.2 v v H = WW — (vl [44] Hpjj/ eetjj/ epj VH hadronic
(WH, ZH) 36.1 41] STXS-0* v 30 WH leptonic
(ttH multileptons) 36.1 [27] STXS-0 v ar ZH leptonic
H — bb (WH, ZH) 139 [42,25]  STXS-1.2 v v H — Zy [45] Zy getl
(VBF) 126 43] STXS-1.2 v v VBF
(ttH + tH) 139 [44] STXS-1.2 v v ggH, pr(H) x N;j bins
(boosted Higgs bosons: inclusive production) 139 [45] STXS-1.2 v v VH hadronic
H — 77 [46] ey, eTh, UTh, ThTh VBE
H— Zvy (inclusive production) 139 [46] STXS-0 v v VH, high-pr(V)
H— pp (ggF + tIH + tH, VBF + WH + ZH) 139 [47) STXS-0* v v W(£v)H (bb) WH leptonic
Z(vv)H(bb), Z(¢¢)H(bb) ZH leptonic

H — bb [47-51] ttH, — 0, 1,2¢ +jets

bb ggH, high-pr(H) bins
H
H = pup [52] e \g,%F
ttH production 20SS, 3¢, 44, HH
with H — leptons [53] 14+ 1, 20SS+11,, 30 + 11
ggH
miss VBF
H = Inv. [71,72] Pr VH hadronic
ZH leptonic
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https://arxiv.org/abs/2402.05742
http://dx.doi.org/10.1038/s41586-022-04892-x

Simplified likelihoods for searches

Non-Gaussian effects can be accounted for

P
obs 2 o02F
L(er, 8)m(8) = ] Pr(nI ny(a, 5))7r(5) 2 oo
2 C
< 0.18—
I=1 g n
5 C
= 0.16—
R = - - s
Category 1 N =1006.50 ;s (eff.) ‘2‘:"’" (s.f) Category 2 N =256.40 oy (eff) ;9'0‘10 (s.f) Category 3 N =52.60 _',7:; (eff.) ;29:{] (sf) 0'14—_ f)/ p— 3
] [ - —.—
9 x Observed data 0.12— §
)
[ C
..g o E Nominal background (= stat unc.) 0 1: (m2 )
g - Energy scale up/down ' C
£ - L
2 Theory uncertainty up/down 0.08 —
10 = C
E New physics signal 0.06 :_ +
— 0.04 o
1 ".=_‘ -
= 0.02— -~
RN A=A N AN RN - e o
TN e R N IR PR AR IR ERERBOYBIBEE BRI TV ILAB IR BB PBTBELBBR AR RLRRRISYIIZLLRIS L T s
Bin index o 1 =2 3 4 5 78 9
n
O lif These are the same as 62
SIMpll . .
b the full likelihood
obs l b0 92 1 —%HTp_10
ny o |pns g +ar+ 056y +cro7) -

L, 0)m(d) — L(p, 0)m(0)

||
—]
>

I=1

A. Buckley, M. Citron, S. Fichet, S. Kraml, W. Waltenberger, NW J. High Energ. Phys. 2019, 64 (2019)

Nicholas Wardle


https://doi.org/10.1007/JHEP04(2019)064

Simplified likelihoods in the wild!

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

CMS Preliminary ~ Axial mediator, g_ =0.25, g_ =1 * Data separatedinto 1or2 jet topologies
1400 T T o
2 I : g . - o
O i S * Binned missing transverse momentum distribution
= n — Ul likelihood (observed) T -a .
51200~ o 2 used to separate signal from background
S [ eusesee Full likelihood (expected) : = 9 29 binS
1000}~ e s i —1.1 é% 12.9 b (13 TeV) 12.9fb" (13 TeV)
[ ceeeeee Simplified likelihood (expected) i g Sl T T T >10°
800 __ f __' £ .g . B, monojet = w(m)z‘;wz %
i i —1 E L%)‘IO I oo uark ﬁ
5 i i g 102 N Z[:’[;'e's""” E Ziq(ll), y+jets
'9\ 600— — ‘.0_3 10 ——— Higgs Invisible, m_ = 125 GeV [ Joeo
§ : : _109 g 4 T Axlal-veclol,m‘m:-ts Tev
Ll 400[ | g, 10
% e 2 m{: 102
VI’ZOO-_- n 0.8 515 T T |"'|--+ gmfg T T T T T 1
= s = £ e e TR e i e & 3 % f ve s i
o . 330‘5 ] l 1 }%—}——{— 1 § 0501 | | | l l l
— T T T 3 [ [ [ I [ I I
2 ] 0.7 22 2y
2000 3000 §°-3,,, L . i N S T
Myep [GeV] 200 400 600 800 1000 1200 300 400 500 600 700 800 900 1000
E?ss [GeV] E1n_1|ss [GeV]
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http://dx.doi.org/10.1007/JHEP07(2017)014
http://cds.cern.ch/record/2242860/files/

Workflows

Standard workflow for predictions

New signal model
UFO+param/proc/run card

MC generation >
*  MG5+Pythia

* Herwi

A

Buckley

81 Tr
.......

Detector Simulation {S—

MC event ’ MC event
Ncores |
Default: Pythia$ OpenMY' Dedault: Pythéa8
Detector Detector

simulation simulation

Default: BuckFast ' Default DuckFast
i — )
L] L

Event analyses Event analyses

e Full/Fast Geant4

e Delphes

e BuckFast
* Transfer functions

Event Selection/categorisation
* Rivet

 MadAnalysis \/

- Counts/observables
for signal process
- Statistical inference

Ve —r(a,zl0)

J.S. Kim

Inpant Possibility A
=5 =

Input Possibility B B

Input Possibility C

:

i Oeets 1 @vreet it regan
0 VAR Y S
o g‘dlﬂlvnhnlion
e . I

augmented data

S H(z, 40) ———

MadMiner

mmmmmmm

arg;ninLLq] — 7(z]0) —

0;

4

0;

Simulation

“Mining gold”: Extract
additional information
from simulator

Machine Learning

Use this information to

train estimator for likelihood ratio

Inference

Limit setting with
standard hypothesis tests

workflow

reana

Reproducible research data analysis platform
LLE:&— X g < BRA = B) % Fls

e Ty A X Fftompt X BR(A = B) x F,

A ,_B\/
=% Fitompt A B/D  Fl e X BR(A ~ B)

xBR(A— B) *Fgromp X BR(B — D)

SModelS
arXiv:1707.05783

CMS036: best-fit events for individual RAs - 1SNS3, Np=0

1
1400 - 1
1200+ 2 -1 Noy
1
3 )
1000| 4= —_— l %
s 2 -
8 80 '
- 2 -
600+ _ ] 1
500+ -3 3
1
400 l 3
-3 |- -
300~ -
1443 |3%0 £
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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/

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

-
o
o

10°F — cMs
10_4§

L A

1.0f et PR a

0.5:\\\\\\\\\\

2017 (13 TeV)
—TALERL

T T T
- CMS Simulation Preliminary

ADD,Mp =11TeV,d=3 |

4 Delphes + MadAnalysis ]

TR TR N NN IR SO H S R N
0 5 10 15 20
Bin index, monojet category

Selection

Delphes }—P

Selection in MadAnalysis

Compare results

Publically available (link)

See RAMP talk by A. Albert

Nicholas Wardle
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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

Higgs interpretation without a (on-shell) Higgs?

¥/, Observed upper limit

1 \‘\\\\ HH‘HH‘\H\‘HH‘HH‘HH‘.HH
40 1 2 3 4 5 6 7 01234567
th. Significance (SDs)

__/ on:
tttt tttt

CMS 137 fo~! (13 TeV)
Search for 4-tops provides complementary ] — !
. . . t {1 £££ Observed upper limit /
approach to constraining Higgs-top Yukawa 50 - b g y !
. L served cross section
coupling! g ' _ . !
t 1 === Predicted cross section ]
_______ II
CMS 138 b (13 TeV) t
\\\\‘\\\\!\\\\ LB \\\\‘\\\\‘\\\\‘\\\\ H\\‘HH‘\H\‘HH‘HH‘HH‘HH
4z E W/ - Expected g
E /A 0.0' .Observed B
L E g t
37 l—o— 2.9 5‘
ol = 13473t e m
: arXiv:2212.03259 -
2¢SS : >
—— 4.0 0
: (I 4.0 >
: Expected g
Combined + -e— Observed ?JJ
5
o
N
O
o

Full Run-2 analysis yields 4-top observation 04—

Combined significance 5.90 (5.10’) !

€00-8l-dOL-SWD
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http://dx.doi.org/10.1016/j.physletb.2023.138290
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html

2HDM (K vs

EFT)

ATLAS

Vs =13TeV, 36.1-139 b1
mp = 125.09 GeV

2HDM Type-|

——— EFT Exp. 95% CL (with cy)
[ EFT Obs. 95% CL (with cp)
—-—- K Exp. 95% CL (with k;)
721 Kk Obs. 95% CL (with ;)

100

107!

A
'
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

A comparison between the excluded regions from the two approaches is shown in Figure 21. In the
regions where the assumptions used in this study are valid, the excluded regions are very similar in the two
approaches. In the Type-I model for large values of tan g, the EFT-based approach leads to looser constraints
on cos(B — a) than the k-framework-based approach. This difference stems from the fact that the EFT-based
approach (i) does not exploit the constraints from the HVV couplings, that only enter at dimension-8 in
the SMEFT expansion and are not considered here, and (ii) retains only terms of U(cos(ff — @)) in the
expansion of «,, while in the x-framework-based approach the constraint xy = sin( — @) and the full
dependence of k; on cos(B — a) are considered. However, part of the region of Type-I model parameter
space allowed in the EFT-based approach but not in that based on the k-framework is inconsistent with the
alignment limit hypothesis of | cos(8 — @)| < 1.
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Non-Gaussian likelihoods

14 = Data from CMS-HIG-17-031 -
1.3 ;_ (using ordinary Gaussiarj approx.) _;
In Higgs physics, often find “signal-strength” measurements TI E
. f 11k E
L B . , g f—1 S 5
2> H; Standard model defined by i; = pt° = 3 E
(o;) f 1.0
i/SM (BR" )sm- . 4 5
g esp AT ;
—> Assume only total rate of ii=>H—>ff is modified by new physics g 08 E
(ok in certain models) § 0.7 Bl il ey, o S oten)
I3 08 09 1.0 1.1 1.2 13 1.4
35.9 b (13 TeV) . . . g CV
CMS « Obsered Re-construct profile likelihood <
~ — e Lilith-2.0, DB 19.06
I %;: ‘.- T 1 1 4 TTTT I TTTT I TTTT I T'TTT I T'TTT I T TT I_
o Wwi . _ A —_ A ** T Data from CMS-HIG-17-031 —
5 =l + —2logL(p) = (p—p)" C (n— p) N z
up — DT e, —
vy [ —~+ Extend Gaussian _ - - 3
é Wzv%_ L approximation with C= E(M)pZ(M) 1.2 - —
an i “variable Gaussian” T n _ R - 3
- T Yi =10 o; + (o7 — oy ) (ks — fia). = 11E E
= .z —— QO - .
vl S = 1.0 £ E
1 - + correlations Re-parameterize in terms of coupling : :
N ww| S S ofe N~ =
: B modifiers ‘ - ]
Ei — 0.8 E =
wwi + E . officia .
3I_"' ;g: 4’: /’L’L) /’Lf_>/'L’L(CV7CF)7 /’Lf(CV7CF) 0.7 NN FEENE SEENE EEN CMS offictal
42 0 2 4 6 8 10 08 09 1.0 1.1 12 1.3 1.4
uf .
EPJC 79 (2019) 421 Non-Gaussian effects matter! Cy
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https://arxiv.org/abs/1908.03952
https://arxiv.org/abs/1809.10733

Timeline for public likelihoods

2012: ATLAS profile
likelihoods scans
released for higgs

coupling

2024 CMS public

statistics models

+ Combine

2000: 1st PhyStat 2010 Introduction of 2017: CMS Simplified time
Workspaces Likelihoods

L. Heinrich
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Recommendations for re-interpretations

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

Scil SciPost Phys. 9, 022 (2020)

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

The LHC BSM Reinterpretation Forum

Abstract

SciPost Phys. 12, 037 (2022)

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

Kyle Cranmer”*, Sabine Kramlzi*, Harrison B. Prosper 3°*, Philip Bechtle4,
Florian U. Bernlochner4, Itay M. Blochs, Enzo Canonero6, Marcin Chrzaszcz7,
Andrea Coccaros, Jan Conradg, Glen Cowanlo, Matthew Feickertu,

Nahuel E Iachellinilz’la, Andrew Fowlie14, Lukas Heinrichls, Alexander Heldl,
Thomas Kuhr13’16, Anders Kvellestad”, Maeve Madiganls, Farvah Mahmoudils’lg,
Knut D. Morézo, Mark S. Neubaueru, Maurizio Pierinils, Juan Rojos, Sezen Sekmen??
Luca Silvestrinizs, Veronica Sanz24’25, Giordon Starkzs, Riccardo Torres,
Robert Thorne?”’, Wolfgang Waltenbergerzs, Nicholas Wardle?® and Jonas Wittbrodt®°

b

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.

Abstract

The statistical models used to derive the results of experimental analyses are of incred-
ible scientific value and are essential information for analysis preservation and reuse.
In this paper, we make the scientific case for systematically publishing the full statistical
models and discuss the technical developments that make this practical. By means of
a variety of physics cases — including parton distribution functions, Higgs boson mea-
surements, effective field theory interpretations, direct searches for new physics, heavy
flavor physics, direct dark matter detection, world averages, and beyond the Standard
Model global fits — we illustrate how detailed information on the statistical modelling
can enhance the short- and long-term impact of experimental results.

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

Copyright K. Cranmer et al. Received 16-09-2021 ®)

This work is licensed under the Creative Commons Accepted 08-12-2021 check for
Attribution 4.0 International License. Published 25-01-2022 updates
Published by the SciPost Foundation. doi:10.21468/SciPostPhys.12.1.037
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/InterpretingLHCresults

Public Statistical Models

ATLAS has been releasing public versions of their
statistical models for several years

Limited to simple histogram-based models but very
welcomed by the pheno community for reinterpretations

&

ATLAS analyses with pyHF compatible public models: gk
Documents | 2302.01283 2;‘:52‘1“3?%:‘.:.2"

Observation of the tgamma production TOPQ Accepted by PRL 2023-02-02 13 140 fo! Inspire | HepData o ATLAS O

Internal

Documents | 2211.08028
Eur. Phys. J. C 83

Search for gluinos in multi-b final states Susy (2023) 561 2022-11-15 13 139 fb-! Inspire | HepData
Internal
Documents | 2209.08990
of the s-chs | single top tion at 13 TeV TOPQ JHEP 06 (2023) 191 2022-09-19 13 139 fb! Inspire | HepData
Internal
. 5 Documents | 2205.02537
Search for fl: hanging neutral it between the top-quark and the Phys. Lett. B 842 -
TOPX 2022-05-05 13 1 I HepDat:
photon at 13 TeV. Q (2023137379 EDID L AL R
Internal
Documents | 2204.13072
. " . Eur. Phys. J. C 83 i
Search for SUSY in events with 2 leptons, jets and MET Susy 2023) 515 2022-04-27 13 139 fb! Inspire | HepData
202 Internal
Documents | 2112.11876
Phys. Rev. D 106 ¥
Search BSM H—hh—bb gamma gamma and hh—bb gamma gamma HDBS (2022) 052001 2021-12-22 13 139 fb! Inspire | HepData
Theory Likelihoods Data
Piwe RoviD 104 Documents | 2108.07586
Search for inos and inos in all-hadronic final states Susy 20)’251 1?;010 2021-08-17 13 139 fbo! Inspire | HepData .
{ ) Briefing | intemal b 5. ATLAS ]

Everts /100 GoV

Documents | 2106.11683 P h 20- SAC, post-
4-top xsec measurement TOPQ JHEP 11 (2021) 118 2021-06-22 13 139 fb! Inspire | HepData b G \(‘ 14 7
P =0
Internal - X2 . . t
i Interpretation Modeling ) :
Documents | 2106.09609 SaaXd , : ;
El SR b t

Search for gluinos, stops and electroweakinos in RPV models in final states with 1L and Eur. Phys. J. C 81 =
L 2 Y 2021-06-17 13 139 fb! Inspire | HepData

susy b S [ ifferentiable
Briefing | itemal P h Zikelihoods

many jets (2021) 1023
b 200400 &0 80 1000 1200 7400~

E [GeV]

Likelihoods are an essential link between theory and ATLAS data. (Image: K. Cranmer/ATLAS Collaboration)
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HepData for published likelihoods

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

Q search HEPData

@) HEPData

QBrowseall

< Hide Publication Information

Search for displaced leptonsin 4/s = 13
TeV pp collisions with the ATLAS detector

The ATLAS collaboration

Aad, Georges , Abbott, Brad , Abbott, Dale Charles , Abed Abud,
Adam , Abeling, Kira , Abhayasinghe, Deshan Kavishka , Abidi,
Syed Haider , Abouzeid, Ossama , Abraham, Nicola , Abramowicz,

Halina
CERN-EP-2020-205, 2020.

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

Abstract

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
of possible new physics signatures. Results are consistent with the
background prediction. This search provides unique sensitivity to
long-lived scalar supersymmetric lepton-partners (sleptons). For
lifetimes of 0.1 ns, selectron, smuon and stau masses up to 720 GeV,
680 GeV, and 340 GeV are respectively excluded at 95% confidence
level, drastically improving on the previous best limits from LEP.

& Download All »

Version 1+

Y Filter 46 data tables

productiol

SRy target

Figure auxs

gs

@ About @ Submission Help #)Signin

Last updated on 2021-01-15 13:

Cutflow SR-ee 1017182/hepdata.s796.v1/t1

Table aux12

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
(500 GeV, 0.1 ns). For the 7 mass and lifetime points, the number of Monte Carlo events generated are: 30,000
for (200 GeV, 0.1 ns), and 104,000 for (300 GeV, 0.1 ns).

cmenergies observables reactions
@ 13000 ®SUSY Supersymmetry @ PP->SLEPTON SLEPTON
© Proton-Proton Scattering @ Electroweak
© Reparity violating
g
8 1600
Visualize =
é(mass, ¢(mass, ¢(mass, 7(mass, 7 (mass, SR
lifetime) = lifetime)  lifetime)= lifetime) lifetime)= 50000-® ?\8\‘
(100GeV,  =(300 (500GeV,  =(200 (300 Gev, oo £ 1400
0.01ns) GeV,1ns) 0.1ns) GeV,0.1  0.1ns)
ns) -
initial number 50830.0 870.0 93.6 4210.0 870.0 1 200
of events (
Lxoa)
passtriggerand  736.0 2380 66.3 371 7 N 1000
atleast2 15,000
baseline leptons 10000-
2leading 393.0 143.0 40.5 18.1 7.84 5000-g 800
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600

400

200~

Accessed 336 times 99 Cite

https://www.hepdata. (2] & | Json

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

Additional Publication Resources

External Link

bpage with all figures and tables

Common Resources View Resource

Cutflow SR-ee
Cutflow SR-em

Cutflow SR-mm

co-NLSP upper limit on cross

section 2 @

selectron upper limit on cross
section 2

Python File

Code snippet with the implementation of the

LH selectron upper limit on
cross section

analysis selection at truth-level

Download
RH selectron upper limit on
cross section

smuon upper limit on cross

section @

LH smuon upper limit on cross
section ) dat File

B, b, production ; 51 —-b 5(2" —~bh %, ; M) = 60 GeV ; arXiv:1908.03122
e

— ATLAS Prellmlnary -
L Vs=13TeV, 139.0 0" 1
~  Alllimits at 95% CL ]
— ---. Expected Limit roundtnp) 1(+1 O —
~ = xpected Limit xpj 77 T
- --=-- Expected Limit ) d(t Oexp G -

served Limit rou rip) / B

—— Ob
— Observed Limit (ROO
- Observed Limit (pyhf)

zip File
Archiv full likelihoods in the HistFactory JSON
format described in SUSY-2018-14. The
background-only fit is found in the file named
'BkgOnly.json'. A set of patches for various signal

points is provided in the files "*patchset.json’

Download

Ei

dat File

SHLA file for selectron+smuon signal

Download

Lf

|fferent|able

|
0[c0-610¢-dNd-SAHd- 1LY

Ll e

400 600

1400 1600
m(,) [GeV]

800 1000

1200
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https://www.hepdata.net/record/ins1748602
https://cds.cern.ch/record/2684863?ln=en

Publishing profiled likelihoods

In between simple and full likelihoods

—> Communicating profiled likelihoods in EFT

L(c)
L(©)

TrainaDNNtolearn —2In

DNN can cope with high
dimensional space (here example is
t-quark measurement with 16 WCs!

Publish DNN for 16D likelihood
surface

CoA2[TeV2]

cw/A[TeV-?]

20f

30l

CMS Preliminary  Frozen  41.5fb™' (13 TeV)
T T T

CMS Preliminary _ Profiled  41.5 fo~!
T T

-- 20 target
. 30 target

ColN2[TeV2]

-30|

10 target
-~ 20 target

20

\, 7
20F S T e — -

(13 TeV)
T

40 60
Cip/N2[TeV2]

CMSP eliminar ary Frozen 415" (13 TeV)
T T T T

40 60
cip/N2[TeV2]

CMS Preliminary _Profiled 415"
T T T

(13 TeV)
T

4 6
ciz/N[TeV2]

© Much faster as interpretation already performed

—> can re-interpret (re-profile) very quickly as underlying model is a DNN!

® Parameterization baked in

1o target L[ 1 arget
- target E - arget
a 30 target <4 arget
o predicted - H o predicted
G predicted Y © q predicted
2F o predicted / | 2k o predicted
o SMvane 7 | ] ¢ e
V% /
o / Y o
-y /
) /
. L . |
6 El 2 0 ©

4 6
ciz/N’[TeV2]

Residual (Target - Prediction)

e
[4)

e
o

o
[

-1.5

—> can’t incorporate developments in EFT, systematics embedded into results

-—h
(=)
T T

CMS Preliminary
AR B S

Check accuracy
in terms of —2in

P IR |

415 fb~' (13 TeV)
Lo #

Lo
L@

P RS TSR E I |

=103

—:10'4

50 100

150 200

250 300
Target Outputs

ction of Output Bin

©

S. Liu (CHEP 2023)
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https://indico.jlab.org/event/459/contributions/11730/

Unfolded vs Full sim

A. Gilbert

Fiducial/differential measurements with EFT
interpretation

Unfolding, with likelihood fit or matrices

L(data | 0i)

< L(data | oi(c)))

4
¢
y

(y — K&)'V — K&5) + 6P(5)

Can recast from @i to give ¢j, or other

i/ |Can (in principle) recast from ¢; to
": other congruent EFT basis

Direct EFT constraints (w/
optimised analysis)
aka "full-sim"

One direct fit:

L(data | )

parametrization of o;j

Often simplified info. made public:

Used in Top/Higgs-
land (anomalous
couplings)

Nicholas Wardle
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https://indico.cern.ch/event/1378665/contributions/5901944/attachments/2845747/4975535/LPC-EFT-Unfolded.pdf

EFT H>WW (HIG-22-008)

Direct parameterization of H-VV vertices in terms of
EFT couplings = directly measure from terms in LH

Only one of cyw, Chwe, and cyg is independent, the
same is also true for cp-odd versions.

Ho

HD

HW

HWB

ACH2>VV

CMS

138 fb' (13 TeV)

Expected

| —e— Observed

Best fit 68% CL

-0.76  [-4.19, 0.67]

-0.12  [-0.44, 0.81]

0.08  [-0.79, 0.51]

0.17  [-1.62,1.05]

0.03 [-0.23, 0.16]

-0.26  [-0.76, 0.41]

-0.54 [-1.57,0.83]

-0.08 [-0.23,0.12]

4 3 -2 -1 0

1

2

3 4 5
Parameter value
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-008/index.html

EFT parameterizations in Combine Slide from G. Boldrini

EFT quadratic parametrization can be seen as matrix multiplication. Use
optimized matrix math libraries (Eigen) to compute products — Factor
100x speed up in minimization

. s T |

1 1 A1/2  Ay/2 .- 1
C1 A1/2 Bll 312/2 C1
Y=Ysm (1+ZC'LA +;Czcj ’L]) @ Y=1YSM o A2/2 Bl2/2 B22 o

Pros a nd Cons ctG fit AnalyticAnomalousCoupling InterferenceModel
- Fast scan time 103s 2.7s
__ 100)( Speed up In proﬁled ﬁtS Fast scan memory 600 MB 307 MB
\'4 Memory consumption reduced ~X2 Profile nuisance scan time 1835s (30min) 10.6s
i.ﬁ“l JSON para metrization: no template Profile nuisance scan memory 602 MB 311 MB
prollfe ration Profile scan time 2604s (40min) 27s
X Does not support any syst unc. on EFT |Profile scan memory 600 MB 311 MB
X Assumes EFT factorized from Comparison from Nick Smith

nuisances
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STXS = EFT Parameterizations in Combine

STXStoSMEFTModel.py

65 #
66 # Global function to extract reco category, STXS bin, decay mode and energy from process name 166 # Overwrite getYieldScale to extract (RECO-category,STXS bin,decay,energy)
67 v def getProcessInfo(bin, process): 167 v def getYieldScale(self, bin, process):
68 foundRecoCategory = bin 168 if not self.DC.isSignallprocess]:
69 foundSTXSBin = process 169 return 1.0
70 foundDecay = None 170
e foundEnergy = "13Tev" 171 # Extract process line info
12 # Iterate over Higgs decays 172 (recocat, stxsbin, decay, energy) = getProcessInfo(bin, process)
73 matchedDecayString = False 173
74 for D in ALL_HIGGS_DECAYS: ) . ) )
75 if matchedDecayString: 174 # Return 1 (no scaling) for fixed processes and scaling for non-fixed
76 B 175 if stxsbin in self.fixProcesses:
77 if "_%s" % D in foundSTXSBin: . Sl
78 foundSTXSBin = re.sub("_%s" % D, "*, foundSTXSBin) 177 else:
79 foundDecay = D 178 procStr = stxsbin
80 matchedDecayString = True 179 return self.getHiggsSignalYieldScale(procStr, decay, energy)
81 # Also drop year tag in STXS bin name if present 180
82 for Y in ["2016", "2017", "2018"]: 181 #
83 if "_%s" % Y in foundSTXSBin: 182 # Extract pois from yaml file
84 foundSTXSBin = re.sub("_%s" % Y, "", foundSTXSBin) 183 v def extractPOIs(self, filename):
&= 184 with open(filename, "r") as fpois:
86 # Catch for H->Zgam 185 try:
87 if (foundDecay == "hzg") | ("bkg" in foundSTXSBin):
88 foundSTXSBin = foundSTXSBin.split("_") [0] 186 self.pois = yaml.safe_load(fpois)
89 187 # Apply eigenvector threshold if set
90 if not matchedDecayString: 188 if self.eigenvalueThreshold !'= -1.0:
91 raise RuntimeError("Validation error: no supported decay found in process") 189 pois_to_keep = {}
92 190 for poi, v in self.pois.items():
93 return (foundRecoCategory, foundSTXSBin, foundDecay, foundEnergy) 191 if "eigenvalue" in v:
aa 192 if v["eigenvalue"] > float(self.eigenvalueThreshold):
193 pois_to_keep[poil = v
194 else:
195 pois_to_keep[poil = v
196 self.pois = pois_to_keep
197
198 except yaml.YAMLERROR as exc:
199 print(exc)
200
201 # Function to extract STXS scaling terms from json file
202 v def extractSTXSScalingTerms(self, filename=
203 if filename != "":
204 with open(filename, "r") as jf:
205 self.STXSScalingTerms = json.load(jf)
206 else:
207 self.STXSScalingTerms = {}
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https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/python/STXStoSMEFTModel.py

Other features in Combine

Determine upper/confidence limits

CMS N

0.30
0.251
0.201
d0.151
0.101

0.05 1

0.00
0.

Multi-dimensional profile &
likelihood scans/contours

Installation via pre-compiled container image:

> docker run ——name combine -it gitlab-registry.cern.ch/cms-cloud/combine-standalone:v9.2.1

CMS

Many other statistical routines available :

see Combine paper and online documentation

| [

f(Ginc(u = 0.4)|u=0.4)
f(Ginc(u = 0.4)|u=0)
G =0.4)

A

1-p»

2 4
Guuc(u=10.4)

10
8
I
6 g!J'
:
[=}
4 £
o
2
0

6

q(u)

8

A\ Post-fit

CMS

Events / 0.1 units
= N
u o

=
v o

—— Pre-fit + A Pre-fit
---- Post-fit [ AAPostfit
¢ Data

.0

Fit diagnostics tools

AA Pre-fit

7.5 100 12.5

5.0
Parameter of interest value

00 25

—— Pre-fit ---- Post-fit
I 0.4 0.6 0.8 1.0
0.2 0.4 0.6 0.8 1.0
X = MVA output

—e— Fit constraint (obs.) —— +1 SD impact (obs.) —— -1 SD impact (obs.)

[ Fit constraint (exp.) M +1 SD impact (exp.) [ -1 SD impact (exp.) CMS

T

a0
1.1020%

T
-1 0 1 2 -0.05 0 0.05

(V-v,)/Av Ar

b tagging efficiency (b jets)

b tagging efficiency (c jets, linear)
JES: Absolute (corr.)

Additional b jets in ftW

Additional jets in ttW

Normalization {2

Matrix-element scale variations (tttt)
b tagging efficiency (c jets, quadratic)
b tagging efficiency (light)
Normalization ftW

JES: Relative Sample (2018)

Additional b jets in ttH

MC stat. in bin 2 of SR-27 uu ittt (2017)
JES: Flavor QCD (bottom)

Final-state radiation scale
Matrix-element scale variations (ttW)
MC stat. in bin 3 of SR-3 it (2016)
Initial-state radiation scale (tttf)

Matrix-element scale variations (ttH)

iﬁ%’

docker

Initial-state radiation scale (ttW)

-2
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https://arxiv.org/abs/2404.06614
https://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/latest/

Getting to the “full” likelihood
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[ ] [ J
D N N a S e I e l O o S Category 1 N =1006.50 ::‘5: (eff.) 2:.‘5:1 (s.f) Category 2 N =256.40 '2‘;‘530 (eff.) j;;‘n (s.f) Category 3 N =52.60 :70’4; (eff.) i;zgsn (s.f)

[2]
g [ x Observed data
> 2
. Bt v E Nominal background (= stat unc.)
o —
Random samples from the toy search experimental ; E ) Eneray sosle up/coun
. . o e 1S - )
likelihood serve as training data for a Deep Neural z L s R I N A b b Theory uncertainty upidown
§ o : New physics signal
Network [1] - = :
— === xS E B X, X 5] -
1= X X w,
- L1 m L1111 m
TAPTeeNee OTa0 oo eoR YR IL SRR SoYB 3885 B89 T 9 IL 922 R0NB 3R, BBBC 8B 8 BEBER FRN LRSS E8ES3S
Bin index

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

o
5

s
o @,
AWV |
V"" ] —— training
\ // \\ = 1 validation
. Model F3
10 3 Trainable pars: 25490001
. . ' Sealed Y. True
hidden layer 1 hidden layer 2 ﬁa?mmdwmﬂgm
ct func out layer: linear
Dropout: 0

Early stopping: True
Reduce LR patience: 40
Batch norm: False
Optimizer: Adam (LR0.001)

* 2 hidden layer NN, with SELU activation functions between
layers — tested different #nodes in hidden layers.

* Adam optimizer with MSE as loss function to train the NN
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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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8230-1

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[ao) _ p(s(x)|a) =
p(xla1)  p(s(x)|ar) \go

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

r(x|ag, ) =

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

likelihood-free based inference or Approximate Bayesian
Computation (ABC) more common outside HEP - See [2] for a
very nice review of applications in HEP!

[1] arXiv:1506.02169
[2] arXiv:2010.06439
See the PhyStat seminar from Kyle Cranmer for more ML based approaches and MadMiner
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https://arxiv.org/abs/1506.02169
https://arxiv.org/abs/2010.06439
http://diana-hep.org/carl/notebooks/Diagnostics%20for%20approximate%20likelihood%20ratios.html
https://indico.cern.ch/event/962997/attachments/2119949/3574708/PhyStat-Seminar-2020.pdf

MadMiner Full likelihood with SBI

parameter () >

observable O Hj

> T > approximate
likelihood
ratio
- T'(CL', Z|9) > R
S arg min L[g] — 7(z|0) —>
— t(x, 2|0) > g
augmented data
0;
Simulation Machine Learning Inference
agﬂéalir;?\aglci):\?‘ozrf:\(;?;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

Nuisance parameters description

Public statistical model comes with nuisance parameter naming
+ description as .html files

class
CMS_scale_met_8TeV MET_scale single overall met energy scale uncertainty
e . g H 9 ‘E‘c C h a n n e I n u i S a n C e p a ra m et e rS CMS_scale_met_7TeV MET_scale single overall met energy scale uncertainty
. . . CMS_eff_b_7TeV custom efficiency uncertainty for b jets in 7 and 8 TeV analyses
in systematics higgs htt.html
— — CMS_vhtt_7TeV_emt_fakeshape_fakes_bin_3 custom shape uncertainties from the lepton-jet misidentification probabilities
CMS_vhtt_7TeV_emt_fakeshape_fakes_bin_2 custom shape uncertainties from the lepton-jet misidentification probabilities
CMS_vhtt_7TeV_emt_fakeshape_fakes_bin_1 custom shape uncertainties from the lepton-jet misidentification probabilities
CMS_trigger_m_7TeV custom muon trigger efficiency uncertainty in 7 TeV analysis
CMS_trigger_e_7TeV custom electron trigger efficiency uncertainty in 7 TeV analysis
CMS_hww_fakes_em_8TeV custom uncertainty on misidentified W+jets and QCD background estimated from the control region with relaxed lepton selection requirements
CMS_hww_fakes_em_7TeV custom uncertainty on misidentified W-+jets and QCD background estimated from the control region with relaxed lepton selection requirements
CMS_htt_zttNorm_8TeV custom inclusive normalisation uncertainty applied for ztt and ttbar backgrounds processes
CMS_htt_zttNorm_7TeV custom inclusive normalisation uncertainty applied for ztt and ttbar backgrounds processes
CMS_htt_ttbarNorm_8TeV custom inclusive normalisation uncertainty applied for ztt and ttbar backgrounds processes
CMS_htt_ttbarNorm_7TeV custom inclusive normalisation uncertainty applied for ztt and ttbar backgrounds processes
CMS_htt_mm_zttLikelihood_8TeV custom uncertainty on the di-tau invariant mass reconstruction method
CMS_vhtt_7TeV_emt_fakeshape_fakes_bin_4 custom shape uncertainties from the lepton-jet misidentification probabilities
CMS_htt_mm_zttLikelihood_7TeV custom uncertainty on the di-tau invariant mass reconstruction method
CMS_htt_mm_zmm_extrap_vbf 7TeV custom extrapolation uncertainty for Z -> mu mu background
CMS_htt_mm_zmm_extrap_boost_8TeV custom extrapolation uncertainty for Z -> mu mu background
CMS_htt_mm_zmm_extrap_boost_7TeV custom extrapolation uncertainty for Z -> mu mu background
CMS_htt_mm_zmmNorm_8TeV custom uncertainty on Z -> mu mu background estimation
CMS_htt_mm_zmmNorm_7TeV custom uncertainty on Z -> mu mu background estimation

Nicholas Wardle 62




Simple Model vs Combination

Simple parametric statistical model
CMS

—— background alpha € (-0.09,-0.11)
301 — signal sigma € (0.7,1.3)
¢ data_obs
251

_ch1__norm

1_proc_background

Events / 0.4 GeV

RooProduct n_exp_fina ch1_proc_background

x=m (GeV)

ProcessNormalizatio p_binch1_proc_signal

RooExponentia
Rood binch1_nuis

SimpleGaussian

i R ar m

RooGaussian s|

RooSimultan

SimpleGaussiand traint sigma_Pdf

CMS Higgs observation
combination statistical model
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https://github.com/cms-analysis/HiggsAnalysis-CombinedLimit/blob/main/data/tutorials/CAT23001/datacard-3-parametric-analysis.txt

ATLAS Run-1 Higgs model
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Linearized Simplified Likelihoods

Nchannels Nbin57C Nsamples,c Nconstraints
L(p,0)= ] ]I Pois {7 D> vebs(1s,6) II <c@.0)
c=1 b=1 s=1 =1
Simplify template-based likelihood functions by linearizing systematic variations ‘
—> Simplified Likelihoods with Linearized Systematics (SLLS) Nnp
nom nom
Vebs (K, 0) = Vs (1) |1+ E , Acpsk (Ok — 05°™)
i SRal i i i ‘ ‘ ‘ ‘ SR4l i i i k:l
== 13 === | Example from ATLAS chargino and neutralino pair search (Phys. Rev. D 103 (2021)
) ) 100 — 1 r T T T 1T T T T T T
[ === pyh 4
- —— fastprof
m2zl [GeV] mZI [GeV] 80 __ """ Gaussian 7]
N
(a) (b) f
S 60r -
. SRFR i CRWZ_all_cuts (?RZZ,?II,cuts CRttZ all_cuts § /:
£ _
£ 40 _
'(C_; L
2 £ E 3
D 2t -
0 -_ L 1 " L " 1 " " 1 L " 1 " " 1 L ]
200 400 600 800 1000
(d) Chargino mass

Maintains information on NP correlation schemes = combinations of SLLS models also possible!
N. Berger arXiv:23o1 .05676 Implemented in fastprof (compatible with pyHF or RooFit models): https://github.com/fastprof-hep/fastprof
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https://arxiv.org/abs/2301.05676
https://github.com/fastprof-hep/fastprof

