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Higgs measurements in one-slide
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Inspired from diagram by Wouter Verkerke

Simulation of Higgs 
boson production 

Simulation of “soft-
physics” processes

Simulation of 
ATLAS/CMS detector
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Event reconstruction

LHC data

Analysis Selections

Combinations based on multiple 
analyses targeting different Higgs 
boson production and decay modes

Analyses all follow same basic 
workflow



ATLAS+CMS Higgs combinations
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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. 

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

Phys. Rev. Lett. 114, 191803 (2015) Phys. Rev. Lett. 132 (2024) 021803

JHEP08(2016)045



Higgs combinations in LHC Run-1 
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Remarkable precision on Higgs boson mass measurement 
achieved through ATLAS+CMS combination

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 

J. H
igh Energy Phys. 08 (2016) 045

Phys. Rev. Lett. 114 (2015) 191803

http://dx.doi.org/10.1007/JHEP08(2016)045
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
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How these combinations were performed

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

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

• Systematic uncertainties pdfs (lnN vs Gaussian etc)
• Correlation schemes 

• Cross-section/acceptance
• Underlying event and Parton shower
• Proton pdf uncertainties 

• Naming conventions for nuisance parameters

• Presentation of results and other technical details
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How these combinations were performed

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

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

• Systematic uncertainties pdfs (lnN vs Gaussian etc)
• Correlation schemes 

• Cross-section/acceptance
• Underlying event and Parton shower
• Proton pdf uncertainties 

• Naming conventions for nuisance parameters

• Presentation of results and other technical details

Served us as a good 

guide rather th
an an 

unbreakable ru
le book 



How these combinations were performed
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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 à Recently both ATLAS and CMS have started making statistical models public!

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

ATLAS framework

CMS framework

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


How these combinations were performed
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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 à Recently both ATLAS and CMS have started making statistical models public!

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

ATLAS framework

CMS framework

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

Agreement well within tolerance of 
fit/interval extraction

Measurement value

http://cms-analysis.github.io/HiggsAnalysis-CombinedLimit/
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Expectations under SM
External 

“constraints”



Building the likelihood function
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The “data” in each channel can be …

Event count(s) after 
some selection 
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How these combinations were performed

LLHC = LATLAS · LCMS

We use the Likelihood to interpret the combined datasets from all channels / experiments …



Wrong!
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How these combinations were performed

LLHC = LATLAS · LCMS

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 
à proper consideration of the various constraints 
from ATLAS and CMS data

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

We use the Likelihood to interpret the combined datasets from all channels / experiments …



Starting from the SM (same model)
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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 

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

https://arxiv.org/abs/1307.1347
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*

*Higgs pT distribution for ggF production with HRes2.1 (NNLO+NNLL QCD) 

SM Higgs MC to calculate acceptance in each channel (V-pT, n-jets etc)   

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 

• Acceptance effects and observable 
distributions derived from 
simulated samples à not 
necessarily the same between 
ATLAS and CMS (preferences, time 
of analysis etc)

• Need to introduce corrections to 
synchronize predictions for the 
signal (Higgs) production
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Starting from the SM (same model)

ATLAS and CMS use the “latest and greatest” calculation available 
but “latest” depends on when the publication is complete. 

Typically differences between ATLAS and CMS signal predictions 
were << uncertainty on the prediction. 

Reweight simulation to “best” prediction so that we start from the 
same inputs à uncertainties can be properly correlated 

We probably spent longer deciding which experiment was A or B 
than necessary J 

Before 
reweighting 

Expt. A

Expt. B

Uncert.

gg à H

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



Systematic uncertainties – (Couplings paper)
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Combination consists of nearly 600 categories with a total of around 4200 nuisance parameters describing 
the composition of the different signal and backgrounds

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

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

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

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



18Nicholas Wardle

Theory uncert dominated 
by ggF incl. x-section 

Relevance of (groups) of systematic uncertainties
Simplest model (discovery model) is one overall scaling parameter 

8i, f 2 {ttH, qqH,H ! ZZ, ...}
µ := µi = µf
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TimelineCombination timelines

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

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

e.g > 1 year of discussions for 
mH combination 
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Timeline
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exchanging Hà 4l inputs

Example timeline:
mH

Discussions on nuisance parameters, 
 + combination of Hà4l toys

Theory uncertainties 
discussions

First discussions on Hàγγ nuisances and 
exchange of Hγγ workspaces (toy 
datasets)

First full combination (toy data)
Parameterization for mH nominal fits
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Timeline
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Technical Discussions, first tests of 
exchanging Hà 4l inputs

Discussions on nuisance parameters, 
 + combination of Hà4l toys

Theory uncertainties 
discussions

First discussions on Hàγγ nuisances and 
exchange of Hγγ workspaces (toy 
datasets)

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

Compatibility tests proposed

Full set of tests implemented

Detailed comparisons of scans from CMS 
and ATLAS (10-6 precision on LH scans)

ATLAS 
combined mass 

paper

CMS Hàγγ 
paper 

Example timeline:
mH
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Timeline
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Technical Discussions, first tests of 
exchanging Hà 4l inputs

Discussions on nuisance parameters, 
 + combination of Hà4l toys

Theory uncertainties 
discussions

First discussions on Hàγγ nuisances and 
exchange of Hγγ workspaces (toy 
datasets)

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

Compatibility tests proposed

Full set of tests implemented

Detailed comparisons of scans from CMS 
and ATLAS (10-6 precision on LH scans)

Unblind Full Combination!

LHC Combined mass paper submitted 
26th March 2015CMS combined 

properties 
paper

Example timeline:
mH

ATLAS 
combined mass 

paper

CMS Hàγγ 
paper 



Compatibility checks
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3μ+4m
Four masses

6μ+4m
Both

7%

6μ+1m
Six signal 
modifiers

3μ+1m
“Nominal”

10%

24%

The 4 measurements in 
the plot

The combined value 
in the plot

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

plot.

The actual compatibility between the 
combined value and the 4 

measurements

p-values

What happens if the 
nominal model is 

used with 4 masses 

More ways to check compatibility of the result …

All results compatible within 2σ!

Compatibility checks



Benefits of combinations 
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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 of       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  

p
2
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ATLAS + CMS performed successful Higgs Combinations in Run-1/2

• Higgs boson mass, couplings and recent HàZγ
• Combinations performed at the likelihood level à requires 

exchange of full statistical model and data sets 
• Separate frameworks require common exchange format

Sociological and scientific benefits

• Some work needed to setup structures to allow combinations 
to take place (LHC-HWG, LHC-HCG) 

• Followed a blind procedure towards final combined set of 
results

• Open attitude towards cross-checking each other’s work and 
the final results à common goal of the best science in the end

• Combinations provide scientific results beyond sqrt(2) 
improvement in measurements 
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Thanks!

ATLAS + CMS performed successful Higgs Combinations in Run-1/2

• Higgs boson mass, couplings and recent HàZγ
• Combinations performed at the likelihood level à requires 

exchange of full statistical model and data sets 
• Separate frameworks require common exchange format

Sociological and scientific benefits

• Some work needed to setup structures to allow combinations 
to take place (LHC-HWG, LHC-HCG) 

• Followed a blind procedure towards final combined set of 
results

• Open attitude towards cross-checking each other’s work and 
the final results à common goal of the best science in the end

• Combinations provide scientific results beyond sqrt(2) 
improvement in measurements 



Backup
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Untagged VBF VH ttH(+tH)

Hàγγ

ΗàZZà4l

HàWWà2l2ν

Hàττ

Hàbb

Hàμμ

Inputs for the production/decay and couplings combination



Other LHC Combinations
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(Obvious?) Warning about combining likelihoods

Cannot sum profiled log-likelihoods!

� lnLcomb(µ, ⌫̂(µ)) 6= � lnL1(µ, ⌫̂(µ))� lnL2(µ, ⌫̂(µ))

Imaging fitting a straight line 
to the points

The profiled likelihoods as a 
function of the slope do not sum 
to give the correct combined 
profiled likelihood!

y = mx+ c Wrong!
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Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ →H ATLAS 

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z 

 vertex & conversionγγ →H ATLAS 
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
  photon non-linearityCMS 

CMS and ATLAS
 Run 1LHC

Relevance of (groups) of 
systematic uncertainties
mH
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Other experimental uncertainties (eff, JES, luminosity…)

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

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

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



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

p(X; ✓) ! p(X;µ, ⌫)

µ Parameters of interest: cross-section, Top mass, …           

⌫ Nuisance parameters: Jet energy scale, Luminosity, …           

Nuisance parameter ν

L.
 H

ei
nr

ic
h

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

e���
k

k!
! e��(r,⌫)�(r, ⌫)

k

k!

1p
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e�
1
2 ⌫

2

�(r, ⌫) = r�L0(1.3)
⌫A✏



Public Statistical Models
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https://www.symmetrymagazine.org/article/atlas-releases-
full-orchestra-of-analysis-
instruments?language_content_entity=und https://home.cern/news/news/experiments/cms-releases-

higgs-boson-discovery-data-public 

https://www.symmetrymagazine.org/article/atlas-releases-full-orchestra-of-analysis-instruments?language_content_entity=und
https://www.symmetrymagazine.org/article/atlas-releases-full-orchestra-of-analysis-instruments?language_content_entity=und
https://www.symmetrymagazine.org/article/atlas-releases-full-orchestra-of-analysis-instruments?language_content_entity=und
https://home.cern/news/news/experiments/cms-releases-higgs-boson-discovery-data-public
https://home.cern/news/news/experiments/cms-releases-higgs-boson-discovery-data-public


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

https://root.cern.ch/roofit
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https://root.cern.ch/roofit

