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Higgs measurements in one-slide
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ATLAS+CMS Higgs combinations

So far, the ATLAS and CMS collaborations have published 3 combinations of Higgs boson measurements using the

LHC Run-1 & Run-2 pp collision data sets.

Phys. Rev. Lett. 114, 191803 (2015)
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Combined Measurement of the Higgs Boson Mass in pp Collisions at \/s = 7 and 8 TeV
with the ATLAS and CMS Experiments

G. Aad et al.”

(ATLAS Collaboration)

(CMS Collaboration)*
(Received 25 March 2015; published 14 May 2015)

A measurement of the Higgs boson mass is presented based on the combined data samples of the ATLAS
and CMS experiments at the CERN LHC in the H — yy and H — ZZ — 4¢ decay channels. The results
are obtained from a simultaneous fit to the reconstructed invariant mass peaks in the two channels and
for the two experiments. The measured masses from the individual channels and the two experiments
are found to be consistent among themselves. The combined measured mass of the Higgs boson is
my = 125.09 £ 0.21 (stat) & 0.11 (syst) GeV.
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Measurements of the Higgs boson production and
decay rates and constraints on its couplings from a
combined ATLAS and CMS analysis of the LHC pp
collision data at /s = 7 and 8 TeV

EXPERIMENT

The ATLAS and CMS collaborations

E-mail: atlas.publications@cern.ch,
cms-publication-committee-chair@cern.ch

ABSTRACT: Combined ATLAS and CMS measurements of the Higgs boson production
and decay rates, as well as constraints on its couplings to vector bosons and fermions, are
presented. The combination is based on the analysis of five production processes, namely
gluon fusion, vector boson fusion, and associated production with a W or a Z boson or
a pair of top quarks, and of the six decay modes H — ZZ, WW, vy, 77,bb, and pp. All
results are reported assuming a value of 125.09 GeV for the Higgs boson mass, the result of
the combined measurement by the ATLAS and CMS experiments. The analysis uses the
CERN LHC proton-proton collision data recorded by the ATLAS and CMS experiments
in 2011 and 2012, corresponding to integrated luminosities per experiment of approxi-
mately 5fb~! at /s = 7TeV and 20fb~" at /5 = 8 TeV. The Higgs boson production and
decay rates measured by the two experiments are combined within the context of three
generic parameterisations: two based on cross sections and branching fractions, and one
on ratios of coupling modifiers. Several interpretations of the measurements with more
model-dependent parameterisations are also given. The combined signal yield relative to
the Standard Model prediction is measured to be 1.09%0.11. The combined measurements
lead to observed significances for the vector boson fusion production process and for the
H — 77 decay of 5.4 and 5.5 standard deviations, respectively. The data are consistent
with the Standard Model predictions for all parameterisations considered.

Keyworps: Hadron-Hadron scattering (experiments), Higgs physics

ARX1v EPRINT: 1606.02266
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PHYSICAL REVIEW LETTERS 132, 021803 (2024)

Evidence for the Higgs Boson Decay to a Z Boson and a Photon at the LHC

G. Aad et al.”
(ATLAS and CMS Collaborations)

® (Received 8 September 2023; accepted 27 November 2023; published 11 January 2024)

The first evidence for the Higgs boson decay to a Z boson and a photon is presented, with a statistical
significance of 3.4 standard deviations. The result is derived from a combined analysis of the searches
performed by the ATLAS and CMS Collaborations with proton-proton collision datasets collected at the
CERN Large Hadron Collider (LHC) from 2015 to 2018. These correspond to integrated luminosities of
around 140 fb~! for each experiment, at a center-of-mass energy of 13 TeV. The measured signal yield is
2.240.7 times the standard model prediction, and agrees with the theoretical expectation within 1.9
standard deviations.

DOI: 10.1103/PhysRevLett.132.021803

Additional combinations in Top-quark and B-physics measurements have also been performed but used different
approaches to the one described here so | will not discuss them.
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Higgs combinations in LHC Run-1

Remarkable precision on Higgs boson mass measurement

achieved through ATLAS+CMS combination
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ATLAS H—yy F———H  126.02+0.51 (+0.43 +0.27) GeV
CMS H—yy —— 124.70 + 0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ -4l —— 124.51+ 0.52 (+ 0.52 + 0.04) GeV
CMS H—ZZ -4l ——— 125.59 + 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS yy I—EI—-I 125.07 + 0.29 ( £ 0.25 + 0.14) GeV
ATLAS+CMS 4l I—I_E—I 125.15 + 0.40 ( + 0.37 + 0.15) GeV
ATLAS+CMS yy+4l == —a) 125.09 +0.24 ( +0.21 + 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
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Characterization of the Higgs boson properties through its couplings

to SM particles

Not only reduced uncertainties but also lifted degeneracies through

combination of multiple channels
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How these combinations were performed

ATL-PHYS-PUB-2011-11

In 2011 (before the Higgs discovery), ATLAS+CMS produced a detailed note laying out plans CMS NOTE-2011/005
for future combinations;

Limit setting procedure (that was used pre-
discovery) & Look-elsewhere effects for discovery

Systematic uncertainties pdfs (InN vs Gaussian etc)

Correlation schemes
* (ross-section/acceptance
* Underlying event and Parton shower
* Proton pdf uncertainties

Naming conventions for nuisance parameters

PDF+a; uncertainties

groups of physics processes
pdf gg 99 — H, ttH, VQQ, tt, tW, tb (s-channel), gg & VV
pdf_qgbar VBF H,VH,V,VV, vy
pdf qg tbg (t-channel), y+jets
QCD scale uncertainties
nuisance groups of physics processes
QCDscale_ggH total inclusive gg — H
QCDscale_ggH1lin inclusive gg/qg — H+ > 1 jets
QCDscale_ggH2in inclusive gg/qg — H+ > 2 jets
QCDscale_qqH VBF H
QCDscale_-VH associate VH
QCDscale ttH ttH
QCDscale 'V W and Z
QCDscale_ VV WW, WZ, and ZZ up to NLO
QCDscale ggVV 99— WW and g9 =+ ZZ
QCDscale_ZQQ Z with heavy flavor gg-pair
QCDscale WQQ W with heavy flavor gqg-pair
QCDscale_ttbar tt, single top productions are lumped here for simplicity

Presentation of results and other technical details

Nicholas Wardle

Procedure for the LHC Higgs boson search
combination in Summer 2011

The ATLAS Collaboration
The CMS Collaboration
The LHC Higgs Combination Group

August 18, 2011

Abstract

In this note, we report the results of the technical combination exercises con-
ducted by the group during Winter-Spring 2011 and summarize the decisions taken
in preparation for the statistical combination of the Standard Model Higgs boson
searches at the LHC. The procedure to be used for the combination in Summer 2011
is explicitly detailed to avoid potential biases from decisions taken after the data
have been collected.




How these combinations were performed

ATL-PHYS-PUB-2011-11

In 2011 (before the Higgs discovery), ATLAS+CMS produced a detailed note laying out plans CMS NOTE-2011/005
for future combinations;

Limit setting procedure (that was used pre-
discovery) & Look-elsewhere effects for discovery

Systematic uncertainties pdfs (InN vs Gaussian etc)

Correlation schemes
* (ross-section/acceptance
* Underlying event and Parton shower
* Proton pdf uncertainties

Naming conventions for nuisance parameters

PDF+c; uncertainties
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pdf_qgbar VBF H,VH,V,VV, vy
pdf qg tbg (t-channel), y+jets
QCD scale uncertainties
nuisance groups of physics processes
QCDscale_ggH total inclusive gg — H
QCDscale_ggH1lin inclusive gg/qg — H+ > 1 jets
QCDscale_ggH2in inclusive gg/qg — H+ > 2 jets
QCDscale_qqH VBF H
QCDscale_-VH associate VH
QCDscale_ttH ttH
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QCDscale_ttbar tt, single top production e lumped here for simplicity

Presentation of results and other technical details
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Procedure for the LHC Higgs boson search
combination in Summer 2011
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How these combinations were performed

ATLAS and CMS use independent frameworks (software) to perform their own Higgs boson measurements
however, both of them being based on ROOT makes exchange of data & statistical models much more

straightforward = Recently both ATLAS and CMS have started making statistical models public!

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

CMS framework

Q_ Search

&) combine vioox -

Home  What Combine Does  Setting up the analysis ~ Running combine  Tutorials  Links & FAQ

GitHub
V1002 %75 %380

c @

@ histfitterweb.cern.ch/histfitter/

Q_ histfitter -> yin o @

B 9%

nb
J . v .
‘ I Lﬂm A software framework for statistical data analysis
0
2 Table of contents
Introduction st
Installation instructions
Within CMSSW (recommended
These pages document the RooStats / RooFit - based software tool foreMS isers) Software + News
—_— T Combine v10 - recommended I duc

used for statistical analysis within the CMS experiment - ComsINE. version + Introduction

Note that while this tool was originally developed in the Higgs . Introduction + The HistFitter Group

Physics Analysis Group (PAG), its usage is now widespread within SERES i Installati + Acknowledgements

\ / s ' Combine v8: CMSSW_10_2.X nstaliation
J release series .
/ Tutorial
/ Cowmsine provides a command-line interface to many different gkf:s/alcg r]elexase onf News
- . ’ . y o Documentation
statistical techniques, available inside RooFit/RooStats, that are Oustide of CMSSW s

used widely inside CMS.

Combine A

The package exists on GitHub under https://github.com/cms-
analysis/HiggsAnalysis-CombinedLimit

For more information about Git, GitHub and its usage in CMS, see
http://cms-sw.github.io/cmssw/faq.html

The code can be checked out from GitHub and compiled on top of
a CMSSW release that includes a recent RooFit/RooStats, or via
standalone compilation without CMSSW dependencies. See the
instructions for installation of Comsine below.

Installation instructions

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

(recommended for non-CMS
users)

Standalone compilation

Compilation of slc7
compatible versions

Standalone compilation
with LCG

Standalone compilation
with conda

Standalone compilation
with CernVM

What has changed between tags?
For developers
CombineHarvester/CombineTo...

Citation

Publications & Talks

Example results

« March 2015: The HistFitter publication is accepted by EPJC.

« 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 programmable and flexible framework 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

ATLAS framework
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How these combinations were performed
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A software framework for statistical data analysis

We carefully checked the results on the
combination using the separate frameworks

on is accepted by EPJC.

Agreement well within tolerance of
fit/interval extraction

ysis, 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 programmable and flexible framework 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

ATLAS framework
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Building the likelihood function

Expectations under SM

L(ﬁaﬁ) — Hp

Ln

: Z ,uq;Mf ;,fn(ﬁ)
i f

_I_

> Bi(¥)

k

External
“constraints”’

'Hp(yz'; Vz')
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Building the likelihood function

_ External
Expectations under SM

“constraints”’

L(g,v) Hp Lnl; L“Z d if:n(ﬁ)WL By (V) 'Hp(yz';%‘)

The “data’ in each channel can be....

kg, I grers Multidimensional observable used to
10 B qoH + ggH (u=0.82) —+— Observed 138 fb" (13 TeV) t . I d b k d
07 = B o B S
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. O] L = o —aqaqH +ggH 7 |
some selection 3 T Yo Ven” 08 S +0bs.-big. 1 CMS 187fb" (Vs =13TeV)  Bkg. Sig.
g | 2 . F 3] 2 F £
- i ol gmi + H 11 ral [ 105 < my< 140 GeV e Data 6 g
S | CMSsimulation — By to0% 1 I itas . 100:_Untag., VBF-1jet-tagged, VH-lep-tagged, tiH-lep-tagged, tfH-hadr-tagged 10° 5
> 105 fs=8Tev,L=105M" __ 06 . El r : . i " e 5 é
S [ VBFH(iny) m.. @eV) | - “ B TTIR TR §
3 1F [ cco oal ] 0.75 - R o " 43
4 ] r 3 .~ et 5 2
10 % 0_2} NN-analysis 050 - ’ . > . I ! .. ] _E 3 W
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How these combinations were performed

We use the Likelihood to interpret the combined datasets from all channels [ experiments ...

Lirmc = Larras - Loums

Nicholas Wardle
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How these combinations were performed

We use the Likelihood to interpret the combined datasets from all channels [ experiments ...

Lirmc = Larras - Loums

We don’t use weighted averages (or any variant thereof) in
Higgs studies at the LHC.
* Allows us full access to knowledge of correlations
between uncertainties
* Profiling is performed after likelihoods are combined
—> proper consideration of the various constraints
from ATLAS and CMS data

(Note, CMS+ATLAS top-quark mass combination has used BLUE approach)

—InL(m,C)

Nicholas Wardle
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Starting from the SM (same model)

To perform measurements and compared to the Standard Model, we must start from the same definition
of the Standard Model

* Inclusive production cross-sections

& decay rates, and uncertainties

calculated by the LHC Higgs

working group

Decay mode

Branching fraction [%]

H —bb
H—-WW
H — g9
H—> 711
H —cc
H—ZZ
B —Fempy
H — Zy

H— pp

97.5 £1.9
21.6 £0.9
8.56 +0.86
6.30 £0.36
2.90 £0.35
2.67 £0.11
0.228 £0.011
0.155 £0.014
0.022 £ 0.001

/ Production Cross section [pb] Order of

process \s =7TeV \s =8 TeV calculation
ggF 15.0+ 1.6 19.2+2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 +0.03 1.58 £0.04  NLO(QCD+EW)+~NNLO(QCD)
WH 0.577 £0.016 0.703 +0.018 NNLO(QCD)+NLO(EW)
ZH 0.334 £ 0.013 0.414 +£0.016 NNLO(QCD)+NLO(EW)
[ggZH] 0.023 £0.007 0.032 +£0.010 NLO(QCD)
bbH 0.156 £ 0.021 0.203 £0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
ttH 0.086 £ 0.009 0.129 +£0.014 NLO(QCD)
tH 0.012 £0.001 0.018 +£0.001 NLO(QCD)
Total 174+ 1.6 22.3+2.0

LHC-HWG YR3: https://arxiv.org/abs/1307.1347

Nicholas Wardle

13


https://arxiv.org/abs/1307.1347

Starting from the SM (same model)

To perform measurements and compared to the Standard Model, we must start from the same definition
of the Standard Model

) g:ijheli’;; gﬁi’uggdozgzﬁigsﬁelgns SM Higgs MC to calculate acceptance in each channel (V-py, n-jets etc)
calculated by the LHC Higgs (% Production Event generator
working group process ATLAS CMS
ggF* PowHEG [30-34] POwWHEG
* Acceptance effects and observable VBE S R
distributions derived from WH PyTHIAS [35] PyTHIA6.4 [36]
simulated samples = not x ZH (qq — ZH or qg — ZH) PyTHIAS PyTHIA6.4
necessarily the same between g8ZH (gg — ZH) POWHEG See text
ATLAS and CMS (preferences, time ttH PowHEL [44] PyTHIAG.4
of analysis etc) tHq (gb — tHq) MADGRAPH [46] AMC@NLO [29]
tHW (gb — tHW) AMC@NLO AMC@NLO
» Need to introduce corrections to ool ey PYGMMCOnTo
synchronize predictions for the *Higgs pr distribution for ggF production with HRes2.1 (NNLO+NNLL QCD)
signal (Higgs) production

Nicholas Wardle



Starting from the SM (same model)

Better to decide on definition of “SM”” before producing individual results but it’s possible to account for
differences after the fact

S5 F
Ll
<10 3 ATLAS and CMS use the “latest and greatest” calculation available
but “latest” depends on when the publication is complete.
10'2 =
: Typically differences between ATLAS and CMS signal predictions
i were << uncertainty on the prediction.
10° |
Reweight simulation to “best” prediction so that we start from the
o I same inputs = uncertainties can be properly correlated
We probably spent longer deciding which experiment was A or B
10°k  reweighting f than necessary ©
NEETE FEET SRS SNEE FEENE SNNEE FRENl SRRl FREEE R

0 50 100 150 200 250 30?_|350 400 4 0\?00
|
ggs p., (GeV)

Nicholas Wardle
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Systematic uncertainties — (Couplings paper)

Combination consists of nearly 600 categories with a total of around 4200 nuisance parameters describing
the composition of the different signal and backgrounds

Higgs cross section: gluon fusion

70

T
my = 125 GeV
60 [ LHC13Tev

50 |

s} 4
30

20-+

10

o [pb]

T

Ho = myy/2

+,*+»

all constants in the exponent

default —eo—
no constants in the exponent
N-sloft

LO +
NLO

NNLO
N3LO

NLO+NLL |-
NNLO+NNLL

N3LO+N3LL

Experimental/Detector systematics:
* Object efficiencies, energy scales, luminosity
* Largely uncorrelated between ATLAS and CMS*

Signal theory uncertainties:
Correlate inclusive x-section uncertainties, QCD scale, pdf, UEPS, Branching ratios,

jet counting**
De-correlate effects on object acceptance as these are
often data-driven/estimation procedures generally differ

Background theory uncertainties:

» Often rather different phase-spaces considered for two experiments or data-driven
estimates

* Mostly uncorrelated with few exceptions (gg/qqZZ continuum, ttW, ttZ X-sections)

*Partial correlation of common luminosity measurement
** Follow the recommendations of the LHC-HXSWG

Nicholas Wardle
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Theoretical uncertainties

Correlating systematic uncertainties requires common strategy for modelling the effects of uncertainties

Nuisance parameter name

Systematic uncertainty

QCDscale_ggH
QCDscale_ggH1lin
QCDscale_ggH2in
QCDscale_ggH2in_vbf
QCDscale_ggH2in_vh
QCDscale_ggH3in
QCDscale_qqH
QCDscale_VH
QCDscale_ggZH
QCDscale_ttH
QCDscale_WtH
QCDscale_tHjb
QCDscale_bbH
QCDscale_ttW
QCDscale_ttZ
QCDscale_V
QCDscale_VV
QCDscale_ggZZ

QCD scale, ggH

QCD scale, ggH+>1-jet (ST)

QCD scale, ggH+>2-jets (ST)

QCD scale, ggH+>2-jets, in VBF phase space (ST)
QCD scale, ggH+>2-jets, in VH phase space (ST)
QCD scale, ggH+>3-jets (ST)

QCD scale, qqH

QCD scale, WH and qq -+ ZH

QCD scale, gg - ZH

QCD scale, ttH

QCD scale, tHW

QCD scale, tHq

QCD scale, bbH

QCD scale, ttW

QCD scale, ttZ

QCD scale, W/Z when from MC

QCD scale, (q¢ —)VV, mainly qqZZ in H —» ZZ* — 44
QCD scale, gg — ZZ

Agreeing convention not only on how
to model SM theoretical uncertainties
involved long conversations between
ATLAS & CMS analysts as well as
experts from the theory community

Nicholas Wardle
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Relevance of (groups) of systematic uncertainties

Simplest model (discovery model) is one overall scaling parameter ,lL . — ,LL’L — ILLf
Vi, f e {ttH,qqH,H — ZZ, ...}

Best-fit u Uncertainty

Total Stat Expt Thbgd Thsig

+0.11 | +0.07 |[[+0.04 |/ +0.03 +0.07
ATLAS and CMS (meaS.) 1.09 —0.10 —0.07 —0.04 —0.03 —0.06

- +0.11 | +0.07 [|+0.04 |[+0.03 +0.06

ATLAS and CMS (exp.) - ~0.10 | —0.07 ||-0.04 ||=0.03 || —-0.06

+0.15 | +0.10 [|+0.06 || +0.04 +0.08
ATLAS (meas.) 120 Zol1z | 010 ||-0:06 |[-0.04 || 007

‘ +0.14 | +0.10 [[+0.06 |/ +0.04 +0.08

CMS (meas.) 0.98 013 | 0,09 ||-0.05 ||-0.04 || —0.07

Theory uncert dominated
by ggF incl. x-section

Nicholas Wardle




Combination timelines

All discussions happen(ed) in the LHC
Higgs Combination Group (LHC-HCG)

“Open” forum with conveners from both
ATLAS and CMS = answer to co-ordination
from both experiments

m 05 Feb LHC-HCG Waorking Meeting (prot

n 15 Jan LHC-HCG meeting (protected)

December 2014

m 11 Dec LHC-HCG meeting (protecte
rn 04 Dec LHC-HCG mesting (protecte

ber 2014

n 26 Nov LHC-HCG meeting (protected)

13 Nov LHC-HCG meeting (pro

m 29 Oct LHC-HCG meeting (protectad)
rm 16 Oct LHC-HCG meeting (protected)

= 24 Sep LHC-HCG meeting (protected)
m 17 Sep LHC-HCG meeting (prot )
rn 03 Sep LHC-HCG mesting (protected)

n 27 Aug LHC-HCG mesting (protecte

==

o 20 Aug LHC-HCG mesting (protecte

19 A LU Ly

23 Jan LHC-HCG Working Meeting (prote

ecteq)

e.g > 1year of discussions for
my combination

Charge

from the LHC Higgs XS WG.

The working group has been charged to produce a combined Higgs result from LHC (ATLAS and CMS) Higgs analyses. The mandate of the group is as follows

« The implementation of Higgs boson theory aspects based on LHC Higgs XS WG recommendations will be discussed within the group. If needed, the group will request additional information

« Monte Carlo generators and systematic variations are to be compared and unified where profitable and consistent with the overall MC and systematic uncertainty strategy in the individual
experiments. This could result in sharing MC samples between ATLAS and CMS.
» Technical aspects regarding the construction and usage of likelihood functions are to be discussed and solutions implemented as homogeneously as possible, including common naming
conventions and tools. This includes efforts to construct simplified likelihood functions.

Nicholas Wardle

n 23 Apr LHC-HCG meeting (protected)
rn 08 Apr LHC-HCG meeting (p )
n 02 Apr LHC-HCG meeting (protected)

n 12 Mar LHC-HCG meeting (protected
y 2014

n 26 Feb LHC-HCG meeting (protected)
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m 05 Feb LHC-HCG Working Meeting (protected) m

Example timeline:

m 23 Jan LHC-HCG Working Meeting (protected)
m 15 Jan LHC-HCG meeting (protected)

m 11 Dec LHC-HCG meeting (protect

m 04 Dec LHC-HCG meeting (protected

n 26 Nov LHC-HCG meeting (protected

o 13 Nov LHC-HCG meeting (protected

m 29 Oct LHC-HCG meeting (protectad)
rm 16 Oct LHC-HCG meeting (protected)

= 24 Sep LHC-HCG meeting (protected
rn 17 Sep LHC-HCG mesting (prot

27 Aug LHGHOG meeting (rotactd First full combination (toy data)
20 Aug LHC-HCG mesting (protected

13 Aug LHC-HCG mesting rotsced Parameterization for mH nominal fits

e g o _ First discussions on H->yy nuisances and
o 16 Jul LHC-HCG meeting (protected exchange Of HYY Workspaces (toy

m 11 Jun LHC-HCG meeting (protected datasetS)

e _ Theory uncertainties
n 28 May LHC-HCG meeting (protected

- 14 May LHO-HCG mosing discussions
O My LHEHES mesing [rotecied Discussions on nuisance parameters,

+ combination of H>4l toys

Feb 2014 - Mar 2015

m 23 Apr LHC-HCG meeting (protected
rn 08 Apr LHC-HCG meeting z
= 02 Apr LHC-HCG meeting (protected

Technical Discussions, first tests of

- .2r\4§f'.L_HC-?-CG meeting (protected exchanging H 9 4I inpUtS

Nicholas Wardle S 20




Example timeline:
my

CMS H=>vyy
paper
ATLAS

combined mass
paper

Feb 2014 - Mar 2015

m 05 Feb LHC-HCG Working Meeting (protected) me

m 23 Jan LHC-HCG Working Meeting (protecte

m 15 Jan LHC-HCG meeting (protected)

m 11 Dec LHC-HCG meeting (protected)

04 Dec LHC-HCG mesting (protected

m 26 Nov LHC-HCG meeting (protected
o 13 Nov LHC-HCG meeting (protected

= 24 Sep LHC-HCG mesting (protected
m 17 Sep LHC-HCG meeting (prot

m 29 Oct LHC-HCG meeting (protectad)
= 16 Oct LHC-HCG meeting (protected)

n 03 Sep LHC-HCG mesting (prot

n 27 Aug LHC-HCG meeting (protected
n 20 Aug LHC-HCG mesting (protected

n 13 Aug LHC-HCG meeting (protected)

m 086 Aug LHC-HCG meeting (protected

m 30 Jul LHC-HCG meeting (protected
o 16 Jul LHC-HCG meeting (protected

m 11 Jun LHC-HCG meeting (protected

n 28 May LHC-HCG meeting (protected
o 14 May LHC-HCG meeting (protected
n 07 May LHC-HCG meeting (protected

23 Apr LHC-HCG meeting (protected
rn 08 Apr LHC-HCG meeting
= 02 Apr LHC-HCG meeting (protected

Nicholas Wardle

m 26 Feb LHC-HCG meeting (protected

Detailed comparisons of scans from CMS
and ATLAS (10 precision on LH scans)

Full set of tests implemented

Compatibility tests proposed

First full combination (toy data)
Parameterization for mH nominal fits

First discussions on H->yy nuisances and
exchange of Hyy workspaces (toy
datasets)

Theory uncertainties

discussions
Discussions on nuisance parameters,

+ combination of H>4l toys

Technical Discussions, first tests of
exchanging H=> 4l inputs —
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Example timeline:

m CMS combined

H properties
paper

CMS H=>vyy
paper
ATLAS

combined mass
paper

Feb 2014 - Mar 2015

m 05 Feb LHC-HCG Waorking Meeting (pro

otected) e

m 23 Jan LHC-HCG Working Meeting (protected

’— 15 Jan LHC-HCG meeting (protected

m 11 Dec LHC-HCG meeting (protected

04 Dec LHC-HCG mesting (protected)

n 26 Nov LHC-HCG meeting (protected)

o 13 Nov LHC-HCG meeting (protected

= 24 Sep LHC-HCG mesting (protected)

m 17 Sep LHC-HCG meeting (protected

n 03 Sep LHC-HCG mesting (protected)

m 29 Oct LHC-HCG meeting (protected)
= 16 Oct LHC-HCG meeting (protected

20 Aug LHC-HCG mesting (prot
13 Aug LHC-HCG meeting (prot

m 30 Jul LHC-HCG meeting (protected)
o 16 Jul LHC-HCG meeting (protected)

m 11 Jun LHC-HCG meeting (protected)

n 28 May LHC-HCG meeting (protected

o 14 May LHC-HCG meeting (
o 07 May LHC-HCG meeting (pro

m 23 Apr LHC-HCG meeting (protected
rn 08 Apr LHC-HCG meeting (p
m 02 Apr LHC-HCG meeting (protected

Nicholas Wardle

m 26 Feb LHC-HCG meeting (protected)

27 Aug LHC-HCG mesting (protected)

08 Aug LHC-HCG mesting (protected)

LHC Combined mass paper submitted
26t March 2015

Unblind Full Combination!

Detailed comparisons of scans from CMS
and ATLAS (10 precision on LH scans)

Full set of tests implemented

Compatibility tests proposed

First full combination (toy data)
Parameterization for mH nominal fits

First discussions on H->yy nuisances and
exchange of Hyy workspaces (toy
datasets)

Theory uncertainties

discussions
Discussions on nuisance parameters,

+ combination of H>4l toys

Technical Discussions, first tests of
exchanging H=> 4l inputs —
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Compatibility checks S

%EI © ATLAS and CMS Hery
o 6 LHC Run 1 T Hmezmdl E
Introduced new parameterizations (A or Am) to 2 .50 T Combinedyyl -
investigate compatibility between the measurements ... E ¢ .
P S A A -
a r .
rT1r 177 T TTTTTTTI |||||||||||||||||||||||||||| 3__ __
ATLAS H—yy H—=—s—+ e Total =
CMS H—yy ———+ / Stat. | b N XN L _f
] Syst. | | .
ATLAS H—ZZ -4l —— S —
A 2 15 -1 05 0 05 1 15 2
mZTLAS_szS [GeV]
CMS H—ZZ —4] ———
ATLAS+CMS yy ( o= Calculate measure of compatibility using log-likelihood
ATLAS+CMS 41 ——e1+— ATLAS and CMS
______________________________________________________________ v —2log A(Am = 0)
ATLAS+CMS yy+4l o LHC Run 1 :
SRR R 11 T TR FERR > accounts for correlations between ATLAS & CMS
124 125 126 127 128
m,, [GeV]
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Compatibility checks

More ways to check compatibility of the result ...

3U+4m

What happens if the
Four masses

nominal model is
used with 4 masses

3u+1m

“Nominal”’

The actual compatibility between the
combined value and the 4
measurements

op+1m
-values o o
- Six signal

modifiers

ATLAS H—yy

CMS H—yy

ATLAS H—ZZ—4]

CMS H—ZZ -4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4l

What we “see” when looking
at the 4 measurements in the
plot.

All results compatible within 20!

ATLAS and CMS

LHC Run 1
IIIIII IIIIII

127 128

Nicholas Wardle
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Benefits of combinations

The combined measurements of the Higgs boson mass and its production/decay rates were published after

the discovery and after each individual experiment completed their combinations

An improvement ofy/2 is the best one can expect (no correlations) on any individual measurement, however

it is also possible that combination can lead to new statements about the physics

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS
-o- ATLAS+CMS
— ; —=1o
: —=+20
MggF T MYY
- 5.40 for
M ————
VBF T
L § VBF prOd u?
MwH
J uww
u, L
4*:7
B TT
>30 for ., n
VH (W+2) ; N
uw —= u
——
llllllll!lllllllllllllllllllllllllllll

0O 05 1 15 2 25 3 35 4
Parameter value

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 ~CMS
- : -e- ATLAS+CMS
—=z=To
—5 " >50 for H=> Tt
——
IIIIIIIIIiIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 0.5 1 1.5 2 2.5 3 3.5 4

Parameter value

-2InA

Get the most out of the data!

20

18

16

14

121

10}

- ATLAS and CMS

r LHC Run2 —— ATLAS + CMS
— CcMS

—— ATLAS

>30 for H>Zy

3.40

Nicholas Wardle
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Summary

ATLAS + CMS performed successful Higgs Combinations in Run-1/2 > T T T T T
FEVeP g8 2 €l 1 aTLAS and cus
. . ¥ [ LHC Run1
* Higgs boson mass, couplings and recent H>Zy - i
* Combinations performed at the likelihood level = requires LLT> o1k __
exchange of full statistical model and data sets E;L

* Separate frameworks require common exchange format

1072 F E

Sociological and scientific benefits

¢ ATLAS+CMS

* Some work needed to setup structures to allow combinations | & . SM Higgs boson |

to take place (LHC-HWG, LHC-HCG) 107 —— M, ] fit

* Followed a blind procedure towards final combined set of [ 68% CL
results [ ]95% CL

* Open attitude towards cross-checking each other’s work and 107°E, I R
the final results > common goal of the best science in the end 107 1 10 10°

« Combinations provide scientific results beyond sqrt(2) Particle mass [GeV]

improvement in measurements




Summary

ATLAS + CMS performed successful Higgs Combinations in Run-1/2 > T T T T T
FEVeP g8 2 €l 1 aTLAS and cus
. . ¥ [ LHC Run1
* Higgs boson mass, couplings and recent H>Zy - i
* Combinations performed at the likelihood level = requires LLT> o1k __
exchange of full statistical model and data sets E;L

* Separate frameworks require common exchange format

1072 F E

Sociological and scientific benefits

¢ ATLAS+CMS

* Some work needed to setup structures to allow combinations | & . SM Higgs boson |

to take place (LHC-HWG, LHC-HCG) 107 —— M, ] fit

* Followed a blind procedure towards final combined set of [ 68% CL
results [ ]95% CL

* Open attitude towards cross-checking each other’s work and 107°E, I R
the final results > common goal of the best science in the end 107 1 10 10°

« Combinations provide scientific results beyond sqrt(2) Particle mass [GeV]

improvement in measurements

Thanks!
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Inputs to the Higgs combination

ATLAS and CMS —e— Observed 1o
LHCRun1I . . | Th. uncert
2l | | i
wooa e e
|| ]
. .
ooF ver wh ww
o - B norm. to SM prediction
Inputs for the production/decay and couplings combination
Untagged VBF VH ttH(+tH)
H> vy v/ v/ v/ v/
H>ZZ D4l V4 V4 V4 V4
H>OWW 212y V4 V4 V4 V4
H> 1t / J </ /
H->bb )~ 4 ) 4 V4 V4
H py / /| R | R

Nicholas Wardle
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Other LHC Combinations

PHYSICAL REVIEW LETTERS 132, 261902 (2024)

Available on the CERN CDS information server

CMS PAS BPH-20-003
LHCb-CONF-2020-002
ATLAS-CONF-2020-049

Combination of Measurements of the Top Quark Mass from Data Collected
by the ATLAS and CMS Experiments at /s=7 and 8 TeV

A. Hayrapetyan et al.”

(CMS Collaboration)’
(ATLAS Collaboration)*

® (Received 13 February 2024; accepted 1 April 2024; published 27 June 2024; corrected 12 August 2024)

A combination of fifteen top quark mass measurements performed by the ATLAS and CMS experiments
at the LHC is presented. The datasets used correspond to an integrated luminosity of up to 5 and 20 fb~! of
proton-proton collisions at center-of-mass energies of 7 and 8 TeV, respectively. The combination includes
measurements in top quark pair events that exploit both the semileptonic and hadronic decays of the top
quark, and a measurement using events enriched in single top quark production via the electroweak ¢
channel. The combination accounts for the correlations between measurements and achieves an
improvement in the total uncertainty of 31% relative to the most precise input measurement. The result
is m, = 172.52 4 0.14(stat) & 0.30(syst) GeV, with a total uncertainty of 0.33 GeV.

DOI: 10.1103/PhysRevLett.132.261902

CMS Physics Analysis Summary

Contact: cms-pag-conveners-bphysics@cern.ch

Combination of the ATLAS, CMS and LHCD results on the

Bl = u*p~ decays

The ATLAS, CMS and LHCb Collaborations

Abstract

A combination of results on the rare B — u*tu~ and B® — u*u~ decays from the
ATLAS, CMS, and LHCb experiments using data collected at the Large Hadron Col-
lider between 2011 and 2016, is presented. The B — u*u~ branching fraction is
obtained to be (2.69 7037) x 10~ and the effective lifetime of the BY — ™y~ de-
cay is measured to be Tgo_,,+,- = 1.917337 ps. An upper limit on the B® — u*u~
branching fraction is evaluated to be B(B® — u*u~) < 1.6 (1.9) x 1071% at 90% (95%)
confidence level. An upper limit on the ratio of the B — y*u~ and B — ptu~
branching fractions is obtained to be 0.052 (0.060) at 90% (95%) confidence level.

2020/08/05

Nicholas Wardle
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(Obvious?) Warning about combining likelihoods

Cannot sum profiled log-likelihoods!

—In Lcomb (,u
1.75
Imaging fitting a straight line s
to the points |
1.25 ~
Y=mx—+C .,
0.75 A
The profiled likelihoods as a 0-50
function of the slope do not sum  0.25-
to give the correct combined 0.00 1
profiled likelihood!

s UV

-0.5

0.0

0.5

1.0

1.5

2.0

—InL(m, C)

1000 A

800 A

600 A

400 A

200 A

O_

(1)) # —In Ly (p, 0(p)) — In La(p, 0(1))

-10.0 -7.5 -5.0 =25 0.0 25 50 7.5 10.0
m




Relevance of (groups) of
systematic uncertainties
my

Carefully studied the relevance (impact)
of various groups of systematic
uncertainties.

Correlations between dominant sources
should be studied in greater detail = for
my, most experimental uncertainties kept
uncorrelated, correlated (theory)
parameters are sub-dominant in this case

Energy/momentum scale and resolution of y, e and y dominate
systematic uncertainty for combined mass measurement

Other experimental uncertainties (eff, JES, luminosity...)

ATLAS and CMS
LHC Run 1

ATLAS ECAL non-linearity /
CMS photon non-linearity

Material in front of ECAL
ECAL longitudinal response
ECAL lateral shower shape

Photon energy resolution

ATLAS H — yy vertex & conversion
reconstruction

Z — ee calibration

CMS electron energy scale & resolution

Muon momentum scale & resolution
ATLAS H — yy background modeling

Integrated luminosity

Additional experimental
systematic uncertainties

Theory uncertainties

Uncertainty in ATLAS
combined result

Uncertainty in CMS
combined result

Uncertainty in LHC
combined result

I
1

—
—
1
]

ATLAS
Observed
I [CJExpected

I T

CMS
Observed
| [CJExpected

uujuuuuu

Combined
Observed
[CJExpected

0 0.05 0.1

0 0.05 0.1

om, [GeV]

0 0.02 0.04 0.06




Nuisance parameters

We model the effects of systematic uncertainties through the introduction of nuisance parameters into our

model
p(X;0) — p(X;p,v)
Iu Parameters of interest: cross-section, Top mass, ...
1Y Nuisance parameters: Jet energy scale, Luminosity, ...

We need to choose a parameterization for the effects
of each of our nuisance parameters
e.g counting experiment — 30% lumi uncertainty

AP A(r,v)F| 1
G_A—%G_)\(T’V) (T,V)

k! k! \/ 27T

05
04
03
<
s
02
01
00
-4 -2 [ 2 a
X

Ar,v) =roLg(1.3)" Ae

L. Heinrich

interpolated to
"unseen" NP value

.~

! ' ‘
v ]
“a.’

Irun simulator

at fixed NP values>

Nuisance parameter v
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Public Statistical Models

News » News » Topic: Experiments

Voir en francais

CMS releases Higgs boson discovery
data to the public

The collaboration has also made publicly available the software that it developed to
search for the unique particle

16 APRIL, 2024 | By CMS collaboration . .
https://www.symmetrymagazine.org/article/atlas-releases-

CMS event display of a candidate Higgs boson decaying into two photons, one of the two decay channels that were key to the discovery of the _ _ _ Tc_
il et A e PSSR i e b S full-orchestra-of-analysis
instruments?language content entity=und

https://home.cern/news/news/experiments/cms-releases-
higgs-boson-discovery-data-public symmetry follow +

/ |

A I LAS eleases .fllll 01/14/21| By Stephanie Melchor
r The ATLAS collaboration has begun to publish likelihood

functions, information that will allow researchers to better

[} -
o rc h estra o a na ys.s understand and use their experiment's data in future analyses.
instruments
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RooFit/RooStats -

ROOT based statistical modeling tool is the
workhorse for many analyses at the LHC

RooWorkspace w(“w”) ;
w.import (sum) ;
w.writeToFile (“model.root”) ;

.t
el \Sx'e model.root
N\a\‘e\) ‘Oo(a’{_\‘\% RooWorkspace
for © «ZEuree |7
Wouter Verkerke, NIKHEF
Mathematical concept RooFit class
variable X RooRealVar
function f()C) RooAbsReal
PDF f (x) RoOADSPAf
space point X RooArgSet
Xmax =
integral ff(x)dx RooRealIntegral
Xmin
list of space points RooAbsData

https://root.cern.ch/roofit
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