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Introduction 

After the Higgs discovery during the LHC Run1, 
the Run2 Higgs analyses aim at measuring 
precisely its properties: mass, couplings, spin-
parity,… 

With the increasing statistics, concentrating now: 

•  on rarer decay or production channels, for 
example direct measurements of couplings 
to fermions 

•  on measurements with increased 
granularity 
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EXTRACTING LIGHT-QUARK COUPLINGS FROM PT(H)
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• Combined differential cross sections using H→γγ and H→ZZ→4l, as well as boosted 
H→bb in the high PT(H) tail 

• 20-30% improvement over best single-channel measurement
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Fixing non-gluon-fusion 
contributions to their SM 
expectation

• Unprecedented precision reached. In general results are all compatible with SM prediction.
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• VBF at Stage 1: two main bins defined in the same way as the VBF-like bins in 
the ggH phase space, split into 2J-like and 3J-like with cut on pT(Hjj)

dijet present with mjj > 400 GeV and ∆η > 2.8

• A BSM bin where lead jet has pT > 200 GeV

• VH bin with 60 < mjj < 120 GeV

• Everything else in “Rest” bin; corresponds to over 60% of signal

Stage 1 STXS with H→γγ Moriond EWK approval, 01.03.19
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• Eleven generator-level bin definitions

• Split by pT(H) and number of jets (jet pT required to be > 30 GeV)

• Additional VBF-like region with high mjj (> 400 GeV) and ∆η (> 2.8)

Outline 
 

 
 

“Measurement of the associated production of 
a Higgs boson and a pair of top-antitop quarks 
with the Higgs boson decaying to two photons 
in proton-proton collisions at √s = 13 TeV”  

 

 
“Measurements of Higgs boson production via 
gluon fusion and vector boson fusion in the 
diphoton decay channel at √s = 13 TeV in the 
stage 1 simplified template cross-sections 
framework” 
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PAS-HIG-18-018


PAS-HIG-18-029


Higgs Couplings - November 2018


Moriond EWK – March 2019 


2017: 41.5 fb-1 + comb with 2016 


2016+2017: 77.4 fb-1
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Welcome ttH!
First observation of ttH with Run-1+Run-2 
combination! 
• 5.2σ wrt background only!
• Direct observation of top-Higgs coupling (Yt)
• Slight excess but compatible wrt SM expectation
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See talk from Carmen Diez Pardos

Two recent results including the 2017 dataset: 

Intermediate results towards full run2 legacy ones 



General analysis strategy 
•  Channel with excellent mass resolution (~1%) 

with 2 well-reconstructed photons  
•  Fit small signal peak on top of 

 falling background 

1.  Reconstruct photons energies: excellent 
energy resolution from  
 lead tungstate crystals in ECAL  

2.  Identify vertex and photons using 
dedicated MVA discriminating variables  

3.  Categorize events to: 
•   target different production modes, with additional 

objects (jets, leptons,…) 
•   improve the sensitivity with dedicated discriminating 

variables reducing the backgrounds in each category 
4.  Perform simultaneous fit to mγγ  

 distribution of each category to determine 
the signal strengths (background fit to the 
data) 

5.  Most of systematics uncertainties taken 
from data/MC comparisons (often using Z) 
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Latest CMS H→bosons results Higgs Hunting, Paris, 23.07.18

H→γγ: overview

12

• High resolution channel with  
two well-reconstructed photons

• Fit small signal peak on top of 
falling background

• Excellent energy resolution from  
lead tungstate crystals in ECAL

• Identify vertex using dedicated BDT

• Sufficient statistics to measure each  
of the main SM modes

separated using multiple BDTs

also improves S/B

• Perform simultaneous fit to mγγ  
distribution of each category
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• High resolution channel with  
two well-reconstructed photons

• Fit small signal peak on top of 
falling background

• Excellent energy resolution from  
lead tungstate crystals in ECAL

• Identify vertex using dedicated BDT

• Sufficient statistics to measure each  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also improves S/B
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STXS: introduction 
Simplified Template Cross Section (STXS) framework 
 
•  STXS framework first outlined in YR4 [1], result of a collaboration between 

ATLAS, CMS and theorists  
•  Coherent framework for Higgs measurements, aiming to maximise 

experimental sensitivity whilst minimising theory dependence  
•  Generator-level kinematic bins based upon the SM production modes are 

defined, with so-called “stages” increasing in granularity  
•  Designed to have constant theory uncertainties in each bin, isolating possible 

BSM effects 
•  Permits combinations across decay channels and experiments  
•  The results can be used as inputs to constrain for example EFT parameters 

[1] Handbook of LHC Higgs Cross Sections: 4. Deciphering the Nature of the Higgs Sector , LHC 
Higgs Cross Section Working Group, Oct 25, 2016. 849 pp.  
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STXS: introduction 
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•  Stage 0: corresponds to the standard SM production processes 

 
 
•  Stage 1: further splitting based on kinematic properties, e.g. pT(H), nJets  



 
 

•  Eleven generator-level bin definitions 
•  Split by pT(H) and number of jets (jet pT required to be > 30 GeV)  
•  Additional VBF-like region with high mjj (> 400 GeV) and ∆η (> 2.8)  

Stage 1 STXS with H→γγ Moriond EWK approval, 01.03.19

Stage 1: ggH

6

• Eleven generator-level bin definitions

• Split by pT(H) and number of jets (jet pT required to be > 30 GeV)

• Additional VBF-like region with high mjj (> 400 GeV) and ∆η (> 2.8)

STXS stage 1: ggH 
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4 PhD thesis defense | 17/07/2017Inna Kucher

Higgs boson at Large Hadron Collider

ggH (87%) VBF (7%)

VH (4%) ttH (1%)

Excellent diphoton invariant mass resolution (1%) :
● provides a clear signal as a narrow peak,
● reduces the relative background contribution 

which has falling           spectrum.

One of the most promising channel for long-term

 → good sensitivity 



 
 

 
•  With the 77.4fb-1 (2016+2017) can measure most of the stage 1 bins 
•  Exceptions: low & medium pT(H) 2J categories and the VBF-like region very 

difficult to separate the latter from true VBF production  
•  Statistically limited, in some cases bins need to be merged 
•  2 merging scenarios used: (1) 5 ggH parameters  

STXS stage 1: ggH 
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4 PhD thesis defense | 17/07/2017Inna Kucher

Higgs boson at Large Hadron Collider

ggH (87%) VBF (7%)

VH (4%) ttH (1%)

Excellent diphoton invariant mass resolution (1%) :
● provides a clear signal as a narrow peak,
● reduces the relative background contribution 

which has falling           spectrum.

One of the most promising channel for long-term

 → good sensitivity 
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• With the 77.4fb-1 dataset from 2016+2017, we can measure most of the  
stage 1 bins individually 

• However, in some cases bins need to be merged  
→ measurements are statistically limited

• Here show the two merging  
scenarios that we use

• The first has five ggH  
parameters 

• The second has ten

Bin merging: ggH

9

STXS stage 1: ggH 
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•  With the 77.4fb-1 (2016+2017) can measure most of the stage 1 bins 
•  Exceptions: low & medium pT(H) 2J categories and the VBF-like region very 

difficult to separate the latter from true VBF production  
•  Statistically limited, in some cases bins need to be merged 
•  2 merging scenarios used: (2) 10 ggH parameters  

4 PhD thesis defense | 17/07/2017Inna Kucher

Higgs boson at Large Hadron Collider

ggH (87%) VBF (7%)

VH (4%) ttH (1%)

Excellent diphoton invariant mass resolution (1%) :
● provides a clear signal as a narrow peak,
● reduces the relative background contribution 

which has falling           spectrum.

One of the most promising channel for long-term

 → good sensitivity 



 
 

 
 
•  Two bins defined as the VBF-like bins in the ggH phase space, split into 2J-

like and 3J-like with cut on pT(Hjj) (mjj > 400 GeV and ∆η > 2.8)  
•  A BSM bin where lead jet has pT > 200 GeV 
•  VH bin with 60 < mjj < 120 GeV  
•  Everything else in “Rest” bin; corresponds to over 60% of signal  
•  2 merging scenarios: (1) 1 single parameter for the 5 bins  

STXS stage 1: VBF 
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4 PhD thesis defense | 17/07/2017Inna Kucher

Higgs boson at Large Hadron Collider

ggH (87%) VBF (7%)

VH (4%) ttH (1%)

Excellent diphoton invariant mass resolution (1%) :
● provides a clear signal as a narrow peak,
● reduces the relative background contribution 

which has falling           spectrum.

One of the most promising channel for long-term

 → good sensitivity 



STXS stage 1: VBF 
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•  Two bins defined as the VBF-like bins in the ggH phase space, split into 2J-

like and 3J-like with cut on pT(Hjj) (mjj > 400 GeV and ∆η > 2.8)  
•  A BSM bin where lead jet has pT > 200 GeV 
•  VH bin with 60 < mjj < 120 GeV  
•  Everything else in “Rest” bin; corresponds to over 60% of signal  
•  2 merging scenarios: (2) 3 parameters 4 PhD thesis defense | 17/07/2017Inna Kucher

Higgs boson at Large Hadron Collider

ggH (87%) VBF (7%)

VH (4%) ttH (1%)

Excellent diphoton invariant mass resolution (1%) :
● provides a clear signal as a narrow peak,
● reduces the relative background contribution 

which has falling           spectrum.

One of the most promising channel for long-term

 → good sensitivity 



STXS: analysis strategy 
•  Analysis targeting the ggH and VBF phase space regions 
•  No sensitivity to the stage 1 VH bins, and ttH is not split at stage 1, 

therefore do not include ttH or VH dedicated categories  
•  Method:  

•  define categories targeting the bins, with cuts on the equivalent 
reconstructed quantities of the defining generator level variables  

•  reject background using BDTs, with several categories (called “tags”) 
•  ggH categories: 

•  background rejection using the “diphoton BDT” based on photon 
kinematics & photon ID BDT 

•  VBF categorisation: 
•  final categories defined using cuts on “diphoton BDT” and “dijet BDT” 

based on jet kinematics (jets pT, mjj, Δηjj, Δφjj,…) 
•   New: dijet BDT trained on data for backgrounds with non-prompt photons 

in control regions normalized with appropriate fake factors  
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STXS: final categories 
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STXS: invariant mass distribution 
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Stage 1 STXS with H→γγ Moriond EWK approval, 01.03.19
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• Standard PR plot with the weighted sum of all categories

PAS
Diphoton invariant mass fit: 
 
•  Simultaneous fit to all 

categories to determine the 
free parameters 

 
•  Background fit to the data 

•  Here: all categories included 
weighted by signal purity 

•  Very clear peak 
 



STXS: systematics 
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•  2 dominant sources of experimental systematics are: 
•  Jet energy scale  
•  Photon ID systematics 

•  Theory systematics:  
•  do not include uncertainty on the cross-section itself, 

considered as an uncertainty on the SM prediction 
•  this differentiates the STXS measurement from a signal strength 

measurement 
•  the effect on the analysis efficiency × acceptance is however 

included  
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•  First scenario: 7 parameter fit 

•  Good agreement with SM prediction, including in BSM bins 
•  Large statistical uncertainties 

STXS: results 
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Inclusive σ/σSM 
ggH: 1.15 ± 0.15 
VBF: 0.8 +0.4 

-0.3 



STXS: results 
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• Some bins need to be merged due to limited statistics 
• 2 merging scenarios that we use  

• Option 1:   5 ggH + 1 VBF parameters 
• Option 2: 10 ggH + 3 VBF parameters

STXS STAGE 1: WITH H→γγ

 
•  Second scenario: 13 parameter fit 

•  Good agreement with SM prediction, including in BSM bins 
•  Very large statistical uncertainties 

Inclusive σ/σSM 
ggH: 1.15 ± 0.15 
VBF: 0.8 +0.4 

-0.3 
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§ Since	its	discovery	in	2012:	major	effort	is	to	study	the	
newly	discovered	Higgs	boson	
§  Couplings	are	one	of	the	fundamental	parameters	

§  In	the	SM,	Higgs	boson’s	couplings	are	unambiguously	
predicted	
	
§  Un6l	recently,	only	indirect	access	to		
Hff	couplings	

§  See	S5	Yukawa	presenta6ons	

§ Coupling	yt	to	top	quark	is	important	
§  Can	be	inferred	from	contribu6on	to	
loops	in	ggH	and	Hgγγ,	but	devia6ons	
from	the	SM	can	be	masked	by	other	
new	phenomena	in	loops	

§  Direct	ttH	produc6on	provides	direct	
measurement	

§  Run	2	offers	a	factor	of	3.8	improvement	
due	to	cross	sec6on	increase	

Higgs couplings


gHVV = 2
m2

V
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•  Since its discovery in 2012: major effort is to 

study the newly discovered Higgs boson  
•  Couplings are one of the fundamental parameters 
•   In the SM, Higgs boson’s couplings are 

unambiguously predicted  
•  Until recently, only indirect access to Hff couplings  

•  Coupling yt to top quark is important  
•  Top quark has the strongest SM coupling (yt~1) 
•  Can be inferred from contribution to loops in ggH 

and Hγγ, but deviations from the SM can be 
masked by other new phenomena  

•  Direct ttH production provides direct measurement  

•  ttH production discovery reported by ATLAS 
and CMS in June 2018. Without 2017 data for 
the diphoton channel in CMS. 

•  2017 diphoton result reported today 
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Search for the Higgs boson decaying to two 
photons and produced in association with a 

pair of top quarks in the CMS experiment
ttH: analysis strategy 

 
•  Analysis strategy very similar to STXS one 

•  H identified selecting two high pT isolated 
photons 

•  tops identified with decay products 
 
•  Exclusive categories depending on Nleptons 

•  Hadronic categories: 0 lepton (e or µ) 
•  Leptonic categories: more than 0 lepton 

•  Background rejected using dedicated BDTs 

•  Simultaneous fit of mass distributions to 
determine ttH signal strength 

•  Combination with existing 2016 result 
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ttH: improvements 
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Changes and improvements with regard to 2016 analysis: 
 
•  Preselections applied to train in the regions of interest  
•  Reweighting procedure to improve data/simulation agreement for 

backgrounds before to train 
•  MVA hyper-parameters optimized with regard to the expected sensitivity 
•  Number of categories determined to have improvement at least of a few 

percents on the sensitivity by adding a category 
•  More categories: 3 hadronic and 2 leptonic (compared to 1 and 1 

respectively in 2016) 
•  ttH hadronic: more discriminating variables added (~30 versus 4) 
•  ttH leptonic: uses now a BDT (cut-based before) 
 

Overall the improvement in sensitivity with  
regard to the 2016 result is about 40% 

 
 
 



ttH: discriminating variables 
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ttH Leptonic:  
• nlepton > 0, photon ID > -0.2, nJets > 0 (nb Jets >0)


• The following variables are used for the MVA training:

• Photon variables: 

• pT/m!! of two photons,

• |"| of two photons 

• ∆# between two photons,

• photon-ID of two photons,

• pixel seed veto decision of two photons,


• Lepton variables: 
• pT and |"| of the highest pT lepton


• Jet variables: 
• number of jets,

• pT, |"|, and # of three leading jets,


• b-tagged jet variables: 
• b-tag value of the highest two b tag scored jets,

• number of b tagged jets.


• Missing pT.

ttH Hadronic:  
• nlepton = 0, photon ID > -0.2, nJets > 1


• The following variables are used for the MVA training:

• Photon variables: 

• pT/m!! of two photons,

• |"| and # of two photons,

• photon-ID of two photons,

• pixel seed veto decision of two photons,

• pT/m!! of diphoton,

• the rapidity of diphoton.


• Jet variables: 
• number of jets,

• pT, |"|, and # of four leading jets,

• HT.


• b-tagged jet variables: 
• b-tag value of the highest three b tag scored jets,

• b-tag value of four leading jets. 


• Missing pT.

MVA selection and input variables
Discriminating variables: BDTs including informations from photons, jets, 
and leptons kinematics, b-tagging information and missing ET 

 
 
 



 
 
 
 
 
 
 

 
 
 
 
 
 
•  These discriminating variables are used to define optimal categories 
•  Boundaries chosen to maximize the expected sensitivity to the ttH production 
•  Categories driving sensitivity: ttH hadronic 0 and ttH leptonic 0 
 
 
 

ttH: categorisation 
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Preselection: 
Njets≥ 2 with b-tagging≥0,  
Nleptons= 0, photonIDs>-0.2 

Preselection: 
Njets≥ 1 with b-tagging≥0,  
Nleptons≥ 1, photonIDs>-0.2 



ttH: results on 2017 dataset 
 

•  A handful of events 
•  Categories driving sensitivity: ttH hadronic 0 and ttH leptonic 0 
•  Rather pure categories with regard to other production modes 
•  Large uncertainties dominated by statistical uncertainties 
•  Good agreement with the SM 
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Figure 7: The likelihood scan for the tt̄H signal strength where the value of the standard model
Higgs boson mass is constrained to the Run I combination [9].
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Figure 8: Signal strength modifiers measured for each analysis category (black points), with the
value of the standard model Higgs boson mass constrained to the Run I combination, compared
to the overall signal strength (green band) and to the SM expectation (dashed red line).
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background function.
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The ratio of the number of signal events (S) to the number of signal plus background events
(S+B) is shown on the right hand side.
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Figure 6: Data points (black) and signal plus background model fits in each category are shown.
The tt̄H signal strength reported in each plot is from the simultaneous fit to all 2017 categories.
In the sum of all categories (bottom right), each category is weighted by S/(S + B), where S
and B are the numbers of expected signal and background events, respectively, in a ±1se f f

mass window centered on mH. The one standard deviation (green) and two standard deviation
(yellow) bands include the uncertainties in the background component of the fit. The solid
red line shows the contribution from the total signal, plus the background contribution. The
dashed red line shows the contribution from the background component of the fit. The bottom
plot shows the residuals after subtraction of this background component.

ttH: results on 2017 dataset 
 

 

•  Likelihood scan for the ttH signal strength where the mass is constrained to the 
combined run I value (125.09 ± 0.24 GeV) 

 
      

•  Expected significance: 2.2𝜎, observed significance: 3.1𝜎  
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Figure 7: The likelihood scan for the tt̄H signal strength where the value of the standard model
Higgs boson mass is constrained to the Run I combination [9].
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value of the standard model Higgs boson mass constrained to the Run I combination, compared
to the overall signal strength (green band) and to the SM expectation (dashed red line).
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The data and the signal plus background model fit for each category are shown in Fig. 6. The
one standard deviation (green) and two standard deviation (yellow) uncertainty bands shown
for the background component of the fit include the uncertainty in the fitted parameters.

A likelihood scan of the tt̄H signal strength is performed, with other parameters of the signal
and background models allowed to vary. Systematic uncertainties are included in the form of
nuisance parameters and the results are obtained using an asymptotic approach [46–48] with
a test statistic based on the profile likelihood ratio (q) [49]. The individual contributions of the
statistical and systematic uncertainties are separated by performing a likelihood scan removing
the systematic uncertainties to determine the statistical uncertainty. The systematic uncertainty
is then taken as the difference in quadrature between the total uncertainty and the statistical
uncertainty. The results can be found in Fig. 7. The best-fit signal strength measured for all
categories combined is µttH = 1.3+0.7

�0.5 = 1.3+0.6
�0.5(stat.)+0.3

�0.1(syst.). Figure 8 shows the result of
a fit to the signal strength for each of the category included in the analysis. The observed
significance relative to the background-only hypothesis is 3.1s while the expected significance
assuming the SM is 2.2s. The top-quark-associated signal strength, where the tHq and tHW
processes are scaled together with tt̄H, is measured to be 1.3+0.6

�0.5.

The result presented in this analysis is combined with the earlier results of Ref. [16], based
on 2016 dataset. Only the two categories of the 2016 analysis targeting tt̄H production, TTH
Hadronic and TTH Leptonic, are used for the combination. All uncertainties are assumed to
be correlated between the two datasets. It has been checked that the assumption of correlation
has small impact on the result. The combined measurement of µtt̄H using both the 2016 and
2017 datasets is shown in Fig 9. The observed (expected) significance is 4.1s(2.7s) with a best
fit signal strength of µttH = 1.7+0.6

�0.5. The data and the signal plus background model fit for
all categories included in 2016 and 2017 analysis (5 from 2017 analysis and 2 from 2016 one),
weighted by S/(S + B) are shown in Fig. 10, where S and B are the numbers of expected signal
and background events, respectively, in a ±1se f f mass window centered on mH.

9 Summary

This paper reports the measurement of the tt̄H production rate, with the Higgs boson decaying
into a pair of photons. The analysis is based on 41.5 fb�1 collected in 2017 by the CMS detector.
The measured signal strength is µ = 1.3+0.7

�0.5, corresponding to a significance relative to the
background-only hypothesis of 3.1s. The measurement is limited by the statistical uncertainty
and is in agreement with the SM expectation. The combination with the corresponding 2016
data analysis [16] is also reported. The combined measured signal strength is µ = 1.7+0.6

�0.5,
corresponding to a significance relative to the background-only hypothesis of 4.1s.



 

 

•  Likelihood scan for the ttH signal strength where the mass is constrained to the 
combined run I value (125.09 ± 0.24 GeV) 

 
      

•  Expected significance: 2.7𝜎, observed significance: 4.1𝜎  

ttH: combination with 2016 
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Figure 9: The likelihood scan for the tt̄H signal strength where the value of the SM Higgs boson
mass is constrained to the Run I combination [9] in the fit combining 2016 and 2017 analysis.
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tively, in a ±1se f f mass window centered on mH. The tt̄H signal strength (top left) is from a
simultaneous fit to all categories. The one standard deviation (green) and two standard devia-
tion (yellow) bands include the uncertainties in the background component of the fit. The solid
red line shows the contribution from the total signal, plus the background contribution. The
dashed red line shows the contribution from the background component of the fit. The bottom
plot shows the residuals after subtraction of this background component.
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The data and the signal plus background model fit for each category are shown in Fig. 6. The
one standard deviation (green) and two standard deviation (yellow) uncertainty bands shown
for the background component of the fit include the uncertainty in the fitted parameters.

A likelihood scan of the tt̄H signal strength is performed, with other parameters of the signal
and background models allowed to vary. Systematic uncertainties are included in the form of
nuisance parameters and the results are obtained using an asymptotic approach [46–48] with
a test statistic based on the profile likelihood ratio (q) [49]. The individual contributions of the
statistical and systematic uncertainties are separated by performing a likelihood scan removing
the systematic uncertainties to determine the statistical uncertainty. The systematic uncertainty
is then taken as the difference in quadrature between the total uncertainty and the statistical
uncertainty. The results can be found in Fig. 7. The best-fit signal strength measured for all
categories combined is µttH = 1.3+0.7

�0.5 = 1.3+0.6
�0.5(stat.)+0.3

�0.1(syst.). Figure 8 shows the result of
a fit to the signal strength for each of the category included in the analysis. The observed
significance relative to the background-only hypothesis is 3.1s while the expected significance
assuming the SM is 2.2s. The top-quark-associated signal strength, where the tHq and tHW
processes are scaled together with tt̄H, is measured to be 1.3+0.6

�0.5.

The result presented in this analysis is combined with the earlier results of Ref. [16], based
on 2016 dataset. Only the two categories of the 2016 analysis targeting tt̄H production, TTH
Hadronic and TTH Leptonic, are used for the combination. All uncertainties are assumed to
be correlated between the two datasets. It has been checked that the assumption of correlation
has small impact on the result. The combined measurement of µtt̄H using both the 2016 and
2017 datasets is shown in Fig 9. The observed (expected) significance is 4.1s(2.7s) with a best
fit signal strength of µttH = 1.7+0.6

�0.5. The data and the signal plus background model fit for
all categories included in 2016 and 2017 analysis (5 from 2017 analysis and 2 from 2016 one),
weighted by S/(S + B) are shown in Fig. 10, where S and B are the numbers of expected signal
and background events, respectively, in a ±1se f f mass window centered on mH.

9 Summary

This paper reports the measurement of the tt̄H production rate, with the Higgs boson decaying
into a pair of photons. The analysis is based on 41.5 fb�1 collected in 2017 by the CMS detector.
The measured signal strength is µ = 1.3+0.7

�0.5, corresponding to a significance relative to the
background-only hypothesis of 3.1s. The measurement is limited by the statistical uncertainty
and is in agreement with the SM expectation. The combination with the corresponding 2016
data analysis [16] is also reported. The combined measured signal strength is µ = 1.7+0.6

�0.5,
corresponding to a significance relative to the background-only hypothesis of 4.1s.



Conclusion 
 
•  Intermediate results on 2017 dataset: 

•  First CMS result within the STXS stage 1 framework in the diphoton 
channel  

•  Largely improved sensitivity to the ttH production with regard to 
2016 results 

•  Both results largely statistically limited 

•  Towards full run2 legacy results: 
•  2018 data analysis on-going 
•  Re-analysis of 2016+17 data with several improvements 

(calibration, strategy) 
•  Move to stage 1.1 for the STXS results 

Stay tuned! 
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Backups 
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Trigger efficiencies 

•  Diphoton HLT trigger with asymmetric pT thresholds is used 
•  Trigger efficiency calculated using the tag & probe method on 

Z→ee events  
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Stage 1 STXS with H→γγ Moriond EWK approval, 01.03.19

Trigger

18

• Diphoton HLT trigger with asymmetric pT thresholds is used
seeded by single and double EG paths at L1

• Trigger efficiency calculated using the tag & probe method on Z→ee events

2016 2017



Preselection 
• Standard loose selection which is slightly tighter than HLT: 

photon pair with 100 < mγγ < 180 GeV where photons are 
within ECAL acceptance and not in the gap  

•  electron veto applied  
•  absolute and scaled pT cuts also applied  

•  2016:  pT > 30 (25) GeV and pT/mγγ > 1/3 (1/4)   
•  2017:  pT > 35 (25) GeV and pT/mγγ > 1/3 (1/4)  

•  along with shower shape and isolation: 
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ure 1 shows comparisons between data and simulation, after the corrections, of the dielectron
invariant mass spectrum for electrons reconstructed as photons with R9 >0.94.

Diphoton pairs are preselected with a set of criteria on the photons’ kinematic, shower shape
and isolation variables similar to, but slightly more stringent, than the trigger. The preselection
criteria are:

• minimum transverse momentum of the leading and subleading photon in pT greater
than 35 and 25 GeV, respectively;

• pseudorapidity of the photons |h| < 2.5 and not in the barrel-endcap transition, i.e
not in 1.44 < |h| < 1.57;

• selection on the R9 variable and on shh – the lateral extension of the shower, de-
fined as the energy-weighted spread within the 5 ⇥ 5 crystal matrix centered on the
crystal with the largest energy deposit in the supercluster – to reject ECAL energy
deposits incompatible with a single isolated electromagnetic shower, such as those
coming from neutral mesons;

• selection on the ratio of the energy in the HCAL cells behind the supercluster to the
energy in the supercluster (H/E), to reject hadronic showers;

• electron veto, which rejects the photon candidate if its supercluster is matched to
a track. A track is considered matched to a candidate if, when extrapolated to the
ECAL, the track is near to the candidate supercluster and has no missing hits in the
innermost tracker layers;

• requirement on the photon isolation (Iph), defined as the sum of the transverse en-
ergy of the particles identified as photons inside a cone of radius R =

p
Dh2 + Dj2 =

0.3 around the photon direction;
• requirement on the track isolation in a hollow cone (Itk), the sum of the transverse

momenta of all tracks in a cone of radius R = 0.3 around the photon candidate
direction, excluding tracks in an inner cone of size R = 0.04;

• loose requirement on charged-hadron isolation (Ich), the sum of the transverse mo-
menta of charged particles inside a cone of radius R = 0.3 around the photon can-
didate; this requirement is added to the one on track isolation to match the selection
applied to photon candidates as part of data reconstruction.

Table 3: Schema of the photon preselection requirements.

R9 H/E shh Iph (GeV) Itk (GeV)

Barrel > 0.85 <0.08 - - -
[0.50, 0.85] <0.08 <0.015 < 4.0 < 6.0

Endcaps > 0.90 <0.08 - - -
[0.80, 0.90] <0.08 <0.035 < 4.0 < 6.0

The selection thresholds are reported in Table 3. Additionally, both photons are required to
satisfy either R9 > 0.8 and Ich < 20 GeV, or Ich/p

g
T < 0.3.

The preselection efficiency is measured from data with the tag and probe technique from Z !
e+e� events, while the efficiency of the electron veto is measured from Z ! µ+µ�g events.

Photons in events passing the preselection criteria are further required to satisfy a photon iden-
tification criteria from a BDT trained to separate prompt photons from jets mimicking a photon



Photon energy 
 
 
 
 
 
 
 
 
•  Corrected for the imperfect containment of the shower and the 

energy losses from converted photons (MVA regression) 
•  Data energy scale corrected to match Z peak, in bins of η and R9 
•  Simulation smearing adjusted to match data using Z 
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Figure 1: Comparison of the dielectron invariant mass spectra in data and simulation, after
applying energy scale corrections to data and energy smearing to the simulation, for Z ! e

+
e
�

events with electrons reconstructed as photons. The comparison is shown for events where at
both electrons are in the ECAL barrel (top), and least one electron is not in the ECAL barrel
(bottom). Electrons are required to satisfy R9 >0.94. The plots on the left show data and
simulation from 2016, with 2017 data and simulation shown in the plots on the right.



Vertex identification 

 
 

•  In absence of tracks, the vertex is unknown 
•  Important for maintaining the mass resolution, particularly for ggH events  
•  If chosen vertex within ~1cm of the true vertex, negligible impact on 

resolution 
•  MVAs to identify the diphoton vertex using recoiling tracks and their balance 

with the Higgs boson pT 
•  Efficiency to choose the vertex within 1cm ~ 80% 
•  Validated with Zèμμ events where tracks are removed to mimic a diphoton 
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Figure 4: Validation of the H ! gg vertex identification algorithm on Z ! µµ events omitting
the muon tracks. Simulated events are weighted to match the distributions of pileup and loca-
tion of primary vertices in data. The left figure shows 2016 data and simulation as presented in
Ref. [10], with 2017 data and simulation shown on the right.

to events with photons showing signal-like kinematics, good mass resolution, and high photon
identification BDT score. The input variables to the classifier are the photon kinematics, ID
BDT scores, mass resolution estimates and vertex probability estimate.

A validation of the score of the diphoton multivariate classifier obtained in Z ! e+e� events,
where the electrons are reconstructed as photons, is shown in Fig. 5 for data and simulation.
The data and simulation agree within the statistical and systematic uncertainties.

Events passing the analysis selection are first considered for the categories targeting VBF pro-
duction. A multivariate discriminant is trained to tag the distinctive kinematics of the VBF dijet
system. In the training, the ggH + jets production process is treated as background in addition
to the non-Higgs boson backgrounds.

In this analysis, a novel approach is adopted whereby the simulated background events with
non-prompt photons are replaced with data from a dedicated control region. This increases the
number of events available for the BDT training, which leads to an improvement in discrimi-
nation power. A control region is defined by requiring at least one of the photon identification
scores to be less than –0.5. The relative yield of events in the signal region and the control re-
gion are estimated from MC in bins of pT and h, as is the fraction of total background events
which have a non-prompt photon. These two fractions are applied as weights to data events in
the control region, which are then used to train the dijet BDT. The resulting distributions of the
dijet BDT input variables are compared to the diphoton mass sideband data and show good
agreement, with greater statistics than the corresponding MC samples.

A validation of the score of the dijet BDT is obtained in Z ! e+e� + jets events, where the
electrons are reconstructed as photons and at least two jets satisfy the requirements listed below
to enter the VBF category, is shown in Fig. 6 for data and simulation.

Events targeting the VBF production mechanism are required to have two jets within |h| < 4.7
which pass a tight requirement on the pileup jet identification, one with pT > 40 GeV and one
with pT > 30 GeV. In addition, both photons are required to have an identification BDT score



Photon identification 

•  Photon identification: BDT using shower shape, isolation and kinematic 
variables to distinguish between prompt and fake photons from neutral 
hadrons 

•  Validated in data Zèee and Zèμμγ events 
•  Systematics assigned to cover the observed discrepancies  
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signature. The BDT is trained on a sample of g + jet events, where prompt photons are used
as the signal while jets are used as the background. Input variables include shower shape vari-
ables, isolation variables, energy and h of the photon, and global event variables sensitive to
pileup like the median energy density per unit area [10]. The distribution of this BDT for the
lowest scoring photon for signal and the different background components is shown in Fig. 2.
A comparison of data and simulation is made using Z ! e

+
e
� events, as shown in Fig. 3. The

red band shows the combined statistical and systematic uncertainty. As an additional pres-
election criterion, photons are required to have a photon identification BDT score of at least
–0.9.

A detailed description of the photon reconstruction and identification described above can be
found in Ref. [10].
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Figure 2: Distribution of the photon identification BDT score of the lowest scoring photon of
diphoton pairs with an invariant mass in the range 100 < mgg < 180 GeV, for data events
passing the preselection (black points), and for simulated background events (blue histogram).
Histograms are also shown for different components of the simulated background. The sum of
all background distributions is scaled up to data. The red histogram corresponds to simulated
Higgs boson signal events. The left figure shows 2016 data and simulation as presented in
Ref. [10], with 2017 data and simulation shown on the right.

4.1 Vertex identification

The determination of the primary vertex from which the two photons originate has a direct
impact on the diphoton invariant mass resolution. If the position along the beam axis (z) of
the interaction producing the diphoton is known to better than about 1 cm, the invariant mass
resolution is dominated by the photon energy resolution.

The diphoton vertex assignment is performed using a BDT (the vertex identification BDT)
whose inputs are observables related to tracks recoiling against the diphoton system [10].

The performance of the vertex identification BDT is validated using Z ! µ+µ� events, where
the vertices are refitted, with the muon tracks omitted from the fit to mimic a diphoton system.
Figure 4 shows the efficiency of correctly assigning the diphoton vertex as a function of the
dimuon pT. The data and simulation are consistent within their uncertainties. In addition,
the use of tracks from converted photons to locate the vertex is validated using g + jet events.

5. Event selection and categorization 9
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Figure 3: Distribution of the photon identification BDT for Z ! e
+

e
� events in data and simu-

lation, where the electrons are reconstructed as photons. The systematic uncertainty applied to
the shape from simulation (hashed region) is also shown. The left figure shows 2016 data and
simulation as presented in Ref. [10], with 2017 data and simulation shown on the right.

Discrepancies between data and simulation are corrected for by weighting MC events such that
to obtain the vertex efficiency observed in data, whilst preserving the total number of events.
A systematic uncertainty is introduced by varying the ratio of data and simulation within their
uncertainties.

The efficiency of correctly assigning the diphoton vertex to be within 1 cm of the true vertex in
H ! gg simulated events is approximately 80%.

A second vertex-related multivariate discriminant (vertex probability BDT), which forms an
input to the diphoton BDT, is designed to estimate the probability for the vertex assignment
to be within 1 cm of the diphoton interaction point. The vertex probability BDT is trained on
simulated H ! gg events using input variables relating to the vertices in the event, their vertex
identification BDT scores, the number of photons with associated conversion tracks, and the pT
of the diphoton system. Good agreement is observed between the average vertex probability
and the vertex efficiency in simulation.

5 Event selection and categorization
The event selection requires the two leading preselected photon candidates to have p

g1
T >

mgg/3 and p
g2
T > mgg/4 respectively, with an invariant mass in the range 100 < mgg <

180 GeV. Both photons must also satisfy the pseudo-rapidity requirement |h| < 2.5 and must
not be in the barrel-endcap transition region 1.44 < |h| < 1.57. The geometrical acceptance
requirement is applied to the supercluster position in the ECAL, and the requirement on the
photon pT is applied after the vertex assignment.

To improve the sensitivity of the analysis, events are classified targeting different production
mechanisms, as well as according to their mass resolution and predicted signal-to-background
ratio. The diphoton BDT is trained to evaluate the diphoton mass resolution on a per-event
basis and is used as an ingredient in the categorization. The diphoton BDT assigns a high score



STXS: diphoton BDT 

 
 
•  Reject background using photon kinematics & photon ID BDTs 
•  Classifier uses exact same inputs as in published 2016 result 
•   Z→ee events used for validation  
•  Systematics uncertainties related to photon ID and per event energy 

resolution estimates covers observed discrepancies 
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Figure 5: Score of the dijet BDT in Z ! e+e� events where the electrons are reconstructed
as photons. The points show the score for data, the histogram shows the score for simulated
Drell–Yan events, including statistical and systematic uncertainties (pink band). The left plot
shows 2016 data and MC, with 2017 data and MC on the right.
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Figure 6: Score of the diphoton multivariate classifier in Z ! e+e� events where the electrons
are reconstructed as photons. The points show the score for data, the histogram shows the
score for simulated Drell–Yan events, including statistical and systematic uncertainties (pink
band). The left plot shows 2016 data and MC, with 2017 data and MC on the right.



STXS: dijet BDT 
•  To discriminate between ggH and VBF 
•  Inputs mostly related to jet kinematics (jets pT, mjj, Δηjj, Δφjj,…) 
•  New: training on MC (for diphoton background) and data for backgrounds with 

non-prompt photons in control regions normalized with appropriate fake factors 
(to increase the statistics for non-prompt backgrounds) 

•  Validation also performed with Z→ee+jets events 
•  Agreement is good in both years (JES/JER uncertainties included here) 

 

 

•     
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Figure 5: Score of the dijet BDT in Z ! e+e� events where the electrons are reconstructed
as photons. The points show the score for data, the histogram shows the score for simulated
Drell–Yan events, including statistical and systematic uncertainties (pink band). The left plot
shows 2016 data and MC, with 2017 data and MC on the right.
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Figure 6: Score of the diphoton multivariate classifier in Z ! e+e� events where the electrons
are reconstructed as photons. The points show the score for data, the histogram shows the
score for simulated Drell–Yan events, including statistical and systematic uncertainties (pink
band). The left plot shows 2016 data and MC, with 2017 data and MC on the right.
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Diphoton BDT - inputs

27

• Purpose is to reject background using photon kinematics & ID scores

• Classifier uses exact same inputs as for HIG-16-040:

• Framework changes from from TMVA to XGBoost

• Trained with all signal vs all background 

• Use Z→ee events for validation

34 PhD thesis defense | 17/07/2017Inna Kucher

Categorization
Diphoton MVA : multivariate discriminator used to 
discriminate diphoton pairs from background using :

● signal -like kinematics (                 ,    ,                 )
● relative diphoton mass resolution
● photon identi-cation values
● probability to estimate correct primary vertex

Events are split into categories to achieve the maximum sensitivity:

Tagged categories have additional criteria to identify di>erent production modes: 
ttH (2 cat.), VH (5 cat.), VBF (3 cat.)

Untagged categories populated mostly by ggH events, corresponding to di>erent 
S/B and invariant mass resolutions. Optimized to give the best overall sensitivity.
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Dijet BDT

30

• Dijet BDT has always been used to discriminate between ggH and VBF

• Inputs mostly related to jet kinematics:

• These are not changed in the updated approach 
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• Signal simulation at mH = 120, 125, 130 GeV  

•   aMC@NLO dominant processes are ggH, VBF, ttH and VH also 
include tH, bbH, and ggZH  

•  powheg used for MVA training   

• Background simulation: 

•  Diphoton from Sherpa 
•  GJet and QCD from Pythia with EM filter  
•  DY to leptons with aMC@NLO for Z→ee validation  



STXS stage 1: ggH 

 
 

•  We have sensitivity to most bins individually; higher pT(H) typically has 
lower cross-section but similarly lower background  

•  Exceptions are the low & medium pT(H) 2J categories and the VBF-like 
region very difficult to separate the latter from true VBF production  
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2

Region Definition Fraction Cross section (pb)
0J Exactly zero jets, any p

H

T 60.0% 26.49
1J low Exactly one jet, p

H

T < 60 GeV 15.4% 6.79
1J med Exactly one jet, 60 GeV < p

H

T < 120 GeV 10.4% 4.61
1J high Exactly one jet, 120 GeV < p

H

T < 200 GeV 1.7% 0.76
1J BSM Exactly one jet, p

H

T > 200 GeV 0.4% 0.16
2J low � two jets, p

H

T < 60 GeV 2.9% 1.26
2J med � two jets, 60 GeV < p

H

T < 120 GeV 4.5% 2.00
2J high � two jets, 120 GeV < p

H

T < 200 GeV 2.3% 1.00
2J BSM � two jets, p

H

T > 200 GeV 1.0% 0.43

VBF-like 2J � two jets, p
H

T < 200 GeV, |Dh| > 2.8, 0.6% 0.27
mjj > 400 GeV, p

Hjj

T < 25 GeV

VBF-like 3J � two jets, p
H

T < 200 GeV, |Dh| > 2.8, 0.9% 0.38
mjj > 400 GeV, p

Hjj

T > 25 GeV

Table 1: The particle level definition of each ggH stage 1 bin and the corresponding fractional
and absolute cross sections. The fractions are estimated from simulated ggH H ! gg events
within the region |yH | < 2.5. Details of the simulated samples can be found in Section 3. Each
bin is exclusive; events passing the VBF-like selection are not included in the other ggH 2J bins.

stable particles except for the decay products of the Higgs boson are included in the anti-kT

clustering. There are zero (0J), one (1J), and greater than or equal to two (2J) jets bins. In the
case where there is at least one jet, a further splitting by the value of the transverse momentum
of the Higgs boson (p

H

T ) is performed. Four bins are defined by boundaries placed at 60, 120,
and 200 GeV. We denote these bins as low, medium (med), high, and BSM, respectively. Finally,
a separate ggH region is dedicated to the vector boson fusion-like phase space, for which a pair
of jets (a dijet) with invariant mass mjj > 400 GeV and difference in pseudorapidity Dh > 2.8
is required. The dijet is formed from the two leading jets in the event. This region is split into
two-jet-like (p

Hjj

T < 25 GeV) and three-jet-like (p
Hjj

T > 25 GeV) bins, where p
Hjj

T is defined as
the transverse momentum of the Higgs boson plus dijet system. Each bin is exclusive; events
passing the VBF-like selection are not included in the other ggH 2J bins. A table summarizing
the definition of each bin and the corresponding fraction of the total gluon fusion cross section
is shown in Table 1. The inclusive ggH cross section is 48.52 pb at mH = 125.09 GeV, computed
to an accuracy of three loops in perturbative quantum chromodynamics (QCD) and next-to-
leading order (NLO) in electroweak perturbations (EW) [11, 24, 25]. Of this approximately
44.2 pb is within |yH | < 2.5.

The vector boson fusion process (VBF) is divided into five particle level bins at stage 1 of the
STXS framework. Events where the Higgs boson is produced in association with a vector bo-
son (VH, where V = W or Z) and the vector boson decays hadronically is included together
with VBF. In this region, there are two bins defined analogously to the VBF-like bins for ggH
production, requiring a dijet with mjj > 400 GeV and Dh > 2.8, split by a 25 GeV bound-
ary in p

Hjj

T . In addition, there is a “VH-like” bin, which requires the presence of a dijet with
60 < mjj < 120 GeV. A “BSM-like” bin is also defined, where the pT of the leading jet is greater
than 200 GeV. All remaining events fall into the “VBF rest” bin. Each bin is exclusive; all bins,
except for the BSM bin, are required to have the leading jet pT < 200 GeV. Table 2 shows a
summary of the definition of each bin and the corresponding fraction of the total VBF cross
section. The inclusive VBF cross section is 3.779 pb at mH = 125.09 GeV [11], computed at



•  Two main bins defined in the same way as the VBF-like bins in the 
ggH phase space, split into 2J-like and 3J-like with cut on pT(Hjj) 
(dijet present with mjj > 400 GeV and ∆η > 2.8)  

•  A BSM bin where lead jet has pT > 200 GeV  
•  VH bin with 60 < mjj < 120 GeV  
•  Everything else in “Rest” bin; corresponds to over 60% of signal  

STXS stage 1: VBF 
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1. Introduction 3

Region Definition VBF fraction VH fraction Cross section (pb)
BSM Leading jet pT > 200 GeV 4.6% 5.4% 0.23

2J-like � two jets, |Dh| > 2.8, 25.8% 0.4% 0.91
mjj > 400 GeV, p

Hjj

T < 25 GeV

3J-like � two jets, |Dh| > 2.8, 9.0% 1.7% 0.34
mjj > 400 GeV, p

Hjj

T > 25 GeV
VH-like � two jets, 60 < mjj < 120 GeV 2.3% 34.5% 0.55

Rest All other VBF events 59.2% 57.9% 2.86

Table 2: The particle level definition of each VBF stage 1 bin and the corresponding fractional
and absolute cross sections. The fractions reported are normalized relative to inclusive VBF or
VH hadronic production, whilst the cross sections are the sum of the VBF and VH hadronic
values. The fractions are estimated from simulated VBF and hadronic VH H ! gg events
within the region |yH | < 2.5. Details of the simulated samples can be found in Section 3. Each
bin is exclusive; all bins except the BSM bin are required to have the leading jet pT < 200 GeV.

proximately 3.52 pb is within |yH | < 2.5. For hadronic VH production, the cross section at
mH = 125.09 GeV of 1.54 pb [11] is computed at NNLO in QCD and NLO in EW, with around
1.37 pb within |yH | < 2.5.

The principal aim of this analysis is to perform precision measurements of cross sections de-
fined by the stage 1 STXS framework. Where possible, cross sections for individual stage 1 bins
are measured. For some bins, an independent measurement is not yet possible due to the lim-
ited available statistics; in this case such bins are merged. Thus the reconstruction level event
categorization is designed to target all of the bins to which some sensitivity can be obtained in
the H ! gg decay channel with this dataset. For a given analysis category at reconstruction
level, there will be contamination from other SM Higgs boson production mechanisms. The
fraction of each process is either determined in the fit or constrained to its expected SM value
if there is no analysis category targeting the process.

The majority of the ggH stage 1 bins can be measured individually, and some sensitivity to the
individual VBF stage 1 bins is obtained. In the diphoton channel, there is an insufficient num-
ber of events to precisely measure any of the VH stage 1 bins. The ttH, tH and bbH production
modes are not further divided at stage 1. Therefore in this analysis only categories targeting
ggH and VBF are included. Events selected by the 2017 H ! gg analysis targeting ttH pro-
duction, described in Ref. [12], are not included in this note. This is achieved by first applying
the same selection criteria used to construct the ttH categories, and then removing them from
consideration in this analysis. There are no dedicated analysis categories for VH production.

The categorization targeting ggH is based on the reconstructed diphoton transverse momen-
tum (p

gg
T ) and the number of jets. A boosted decision tree (BDT), referred to as the diphoton

BDT, is then used to reduce the amount of background. The VBF analysis categories make
use of the same diphoton BDT to reduce the number of background events. Additionally, a
BDT targeting the kinematics of the characteristic VBF dijet system, known as the dijet BDT, is
utilized.

Due to the conditions differing between the two years, the analysis is optimized separately for
the 2016 and 2017 datasets. Once the analysis categories for each dataset are defined, fits are
performed with different levels of granularity in the chosen parameters of interest. Results of
combined measurements obtained by fitting both the 2016 and 2017 categories simultaneously
are reported.
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Dijet BDT

32

• Fake factors and QCD fraction  
estimated from MC

binned in pT and η for each photon

• These are applied to data in the  
control regions, which then replaces  
the MC in training
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Figure 7: Parametrized signal shape for the highest resolution analysis category targeting ggH
0J production. The open squares represent weighted simulation events and the blue line the
corresponding model. Also shown is the seff value (half the width of the narrowest interval
containing 68.3% of the invariant mass distribution) and the full width at half of the maximum
(FWHM). The left plot shows the 2016 simulation, with the 2017 on the right.

A large set of candidate function families is considered, including exponential functions, Bern-
stein polynomials, Laurent series and power law functions. For each family of functions, an
F-test [42] is performed to determine the maximum order to be used, while the minimum order
is determined by placing a requirement on the goodness-of-fit to the data.

When fitting these functions to the mgg distribution, the value of twice the negative logarithm
of the likelihood (2NLL) is minimized. A penalty is added to 2NLL to take into account the
number of floating parameters in each candidate function. When making a measurement of a
given parameter of interest, the discrete profiling method determines the overall best 2NLL by
considering all allowed functions.

7 Signal systematic uncertainties
Systematic uncertainties in this analysis are handled in two ways. Uncertainties which modify
the shape of the mgg distribution are incorporated into the signal model as nuisance parame-
ters, where the mean and width of each Gaussian in the sum can be affected. If the shape of the
mgg distribution is unaffected, the systematic uncertainty is treated as a log-normal variation
in the event yield of the category.

A large number of systematic uncertainty sources have been considered in this analysis, all of
which are described in Ref. [10]. The uncertainty sources which most affect the final results are
summarised in this section.

The theoretical uncertainties considered in this analysis are as follows:

• QCD scale uncertainty: related to variations of the renormalization and factorization
scales, following the recommendations in Ref. [11].

• Uncertainty on the SM ggH production: For the ggH process, additional sources are
included which account for the uncertainty in the modelling of the p

H

T distributions,

Signal model: 
•  Parametric signal model with shape parameters linear functions of mH obtained  

•  from simultaneous fit to 120, 125, and 130 GeV mass points including all data/
MC corrections to properly reproduce the resolution 

•  for each process × category × right/wrong vertex treated separately  
•  Resolution 10-15% worse in 2017 (calibration issue, will be fixed in re-reco) 
 
Background model: choice of background function being treated as a discrete 
nuisance parameter  
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Event Categories SM 125 GeV Higgs boson expected signal Bkg S/(S+B)
Total ggH VBF ttH tHq tHW bbH ggZH WH lep WH had ZH lep ZH had se f f sHM (GeV�1)

0J Tag 0 401.1 91.8 % 4.4 % <0.05 % <0.05 % <0.05 % 1.4 % 0.1 % 1.0 % 0.4 % 0.6 % 0.2 % 1.94 1.79 870.3 0.07
0J Tag 1 552.3 93.7 % 3.1 % <0.05 % <0.05 % <0.05 % 1.3 % <0.05 % 0.7 % 0.4 % 0.4 % 0.2 % 2.42 2.06 2121.9 0.04
0J Tag 2 347.3 95.0 % 2.2 % <0.05 % <0.05 % <0.05 % 1.3 % <0.05 % 0.5 % 0.4 % 0.3 % 0.2 % 2.72 2.41 3035.8 0.01

1J Low Tag 0 130.8 89.5 % 5.9 % 0.1 % <0.05 % <0.05 % 1.1 % <0.05 % 0.5 % 1.7 % 0.2 % 0.9 % 1.91 1.71 360.2 0.06
1J Low Tag 1 111.5 89.2 % 6.1 % 0.1 % <0.05 % <0.05 % 1.1 % <0.05 % 0.5 % 1.8 % 0.2 % 1.0 % 2.47 2.22 689.4 0.02

1J Medium Tag 0 71.4 81.5 % 12.4 % 0.2 % 0.1 % <0.05 % 0.5 % 0.2 % 0.9 % 2.5 % 0.4 % 1.3 % 1.85 1.67 110.8 0.11
1J Medium Tag 1 91.1 82.7 % 11.4 % 0.2 % 0.1 % <0.05 % 0.5 % 0.2 % 0.8 % 2.3 % 0.4 % 1.4 % 2.13 1.91 342.2 0.04

1J High Tag 0 14.7 71.7 % 19.4 % 0.3 % 0.2 % <0.05 % 0.3 % 1.0 % 2.3 % 2.5 % 1.0 % 1.5 % 1.54 1.51 8.7 0.27
1J High Tag 1 28.2 72.4 % 18.4 % 0.4 % 0.2 % <0.05 % 0.3 % 0.8 % 2.2 % 2.8 % 0.9 % 1.7 % 1.76 1.77 47.7 0.10

1J BSM 15.5 66.9 % 20.9 % 0.4 % 0.3 % 0.1 % 0.1 % 1.0 % 4.0 % 3.0 % 1.6 % 1.8 % 1.76 1.71 17.5 0.15
2J Low Tag 0 10.9 80.2 % 7.0 % 1.7 % 0.4 % <0.05 % 1.0 % 0.3 % 0.7 % 4.8 % 0.3 % 3.4 % 1.55 1.52 35.1 0.06
2J Low Tag 1 40.8 77.6 % 8.1 % 3.0 % 0.5 % <0.05 % 0.8 % 0.3 % 0.7 % 5.4 % 0.3 % 3.1 % 2.06 1.94 249.0 0.03

2J Medium Tag 0 16.8 76.6 % 8.1 % 1.9 % 0.5 % 0.1 % 0.3 % 1.0 % 0.7 % 7.0 % 0.4 % 3.4 % 1.60 1.46 28.9 0.11
2J Medium Tag 1 49.7 74.6 % 9.1 % 3.4 % 0.6 % 0.1 % 0.4 % 0.8 % 0.9 % 6.1 % 0.4 % 3.6 % 2.12 1.86 228.8 0.03

2J High Tag 0 14.0 71.1 % 9.2 % 1.7 % 0.6 % 0.1 % 0.2 % 2.7 % 1.0 % 8.2 % 0.7 % 4.6 % 1.54 1.52 14.2 0.18
2J High Tag 1 24.4 69.1 % 9.4 % 3.7 % 0.8 % 0.2 % 0.2 % 2.3 % 1.1 % 8.2 % 0.5 % 4.7 % 1.42 1.31 64.4 0.08
2J BSM Tag 0 15.8 66.4 % 9.4 % 2.6 % 0.9 % 0.4 % 0.1 % 2.7 % 1.9 % 9.3 % 0.9 % 5.4 % 1.67 1.63 11.1 0.22
2J BSM Tag 1 5.7 60.4 % 9.5 % 9.2 % 1.4 % 0.7 % 0.1 % 2.7 % 1.4 % 9.0 % 1.0 % 4.7 % 1.89 1.82 24.3 0.04

VBF 2J-like Tag 0 13.5 24.8 % 74.4 % 0.1 % 0.1 % <0.05 % 0.1 % 0.1 % <0.05 % 0.2 % <0.05 % 0.2 % 1.90 1.73 5.7 0.30
VBF 2J-like Tag 1 4.8 41.7 % 56.5 % 0.2 % 0.2 % <0.05 % 0.2 % 0.2 % 0.2 % 0.5 % <0.05 % 0.3 % 2.28 1.94 9.3 0.07
VBF 3J-like Tag 0 12.7 36.8 % 60.6 % 0.4 % 0.5 % <0.05 % 0.1 % 0.4 % 0.2 % 0.5 % 0.1 % 0.2 % 1.90 1.69 7.8 0.23
VBF 3J-like Tag 1 7.6 56.0 % 37.8 % 0.8 % 0.9 % <0.05 % 0.2 % 0.8 % 0.5 % 1.6 % 0.2 % 1.0 % 1.86 1.79 11.1 0.11

VBF Rest 12.9 63.4 % 29.9 % 1.0 % 0.6 % 0.1 % 0.4 % 0.8 % 0.6 % 2.0 % 0.3 % 1.1 % 1.80 1.71 21.3 0.10
VBF BSM 6.5 44.7 % 47.8 % 1.0 % 0.5 % 0.3 % 0.1 % 1.4 % 0.7 % 2.1 % 0.4 % 1.0 % 1.75 1.45 4.5 0.22

Total 1999.8 88.2 % 6.7 % 0.4 % 0.1 % <0.05 % 1.1 % 0.2 % 0.8 % 1.4 % 0.4 % 0.8 % 2.22 1.98 8320.2 0.04

Table 5: The expected number of signal events per category and the percentage breakdown per production mode in that category. The se f f ,
computed as the smallest interval containing 68.3% of the invariant mass distribution, and sHM, computed as the FWHM divided by 2.35,
are also shown as an estimate of the mgg resolution in that category. The expected number of background events per GeV around 125 GeV
is listed. The expected ratio of signal to signal plus background events, S/(S + B), is also shown, where S and B are the numbers of expected
signal and background events, respectively, in a ±1se f f mass window centered on mH. Data and simulation from 2017 is shown.
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Signal parameter Cross section (fb)
s/sSM

Uncertainty on s/sSM
SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61 72 1.18 +0.20
�0.20

+0.18
�0.18

+0.10
�0.08

+0.06
�0.05

ggH 1J low 15 21 1.3 +0.6
�0.5

+0.6
�0.5

+0.2
�0.2

+0.2
�0.1

ggH 1J med 10 7.6 0.7 +0.4
�0.4

+0.4
�0.4

+0.1
�0.1

+0.1
�0.0

ggH 1J high 1.7 2.9 1.7 +1.0
�0.7

+0.8
�0.6

+0.3
�0.2

+0.2
�0.1

ggH 2J 11 8.4 0.8 +0.6
�0.5

+0.5
�0.5

+0.1
�0.1

+0.3
�0.1

ggH BSM 1.3 2.9 2.2 +0.8
�0.8

+0.6
�0.6

+0.4
�0.3

+0.3
�0.2

qqH 11 9.1 0.8 +0.4
�0.3

+0.4
�0.3

+0.2
�0.1

+0.1
�0.0

Table 6: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J BSM
bins are grouped together in the fit; the remaining four ggH bins with two or more jets are also
grouped. All five VBF bins are grouped together. The ggH parameters include bbH compo-
nents, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and VH
leptonic processes are constrained to the SM prediction. Both the measured value and the stan-
dard model prediction for the product of the cross section and branching ratio are shown. The
ratio of the measured cross section to the SM prediction is also shown, together with its uncer-
tainty. In addition, the statistical, experimental, and theoretical components of the uncertainty
on each parameter are reported.

Signal parameter Cross section (fb)
s/sSM

Uncertainty on s/sSM
SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61 72 1.17 +0.20
�0.20

+0.18
�0.18

+0.08
�0.07

+0.06
�0.04

ggH 1J low 15 24 1.5 +0.7
�0.6

+0.6
�0.5

+0.2
�0.1

+0.2
�0.1

ggH 1J med 10 5.1 0.5 +0.5
�0.4

+0.4
�0.4

+0.1
�0.1

+0.1
�0.0

ggH 1J high 1.7 3.4 2.0 +1.0
�0.7

+0.8
�0.7

+0.3
�0.1

+0.4
�0.2

ggH 1J BSM 0.4 0.6 1.8 +1.7
�1.5

+1.5
�1.4

+0.3
�0.2

+0.4
�0.1

ggH 2J low 2.9 0.8 0.3 +1.5
�0.3

+1.4
�0.3

+0.3
�0.1

+0.3
�0.0

ggH 2J med 4.6 12 2.6 +1.1
�1.1

+1.0
�1.0

+0.3
�0.2

+0.4
�0.3

ggH 2J high 2.3 1.3 0.6 +0.8
�0.6

+0.7
�0.6

+0.2
�0.1

+0.3
�0.0

ggH 2J BSM 1.0 2.7 2.8 +1.1
�1.2

+0.8
�1.0

+0.3
�0.3

+0.5
�0.4

ggH VBF-like 1.5 0 0.0 +0.5
�0.0

+0.5
�0.0

+0.2
�0.0

+0.1
�0.0

qqH 2J-like 2.1 2.6 1.3 +0.6
�0.5

+0.4
�0.4

+0.4
�0.3

+0.1
�0.1

qqH 3J-like 0.8 0 0.0 +0.7
�0.0

+0.6
�0.0

+0.2
�0.0

+0.0
�0.0

qqH other 8.2 0 0.0 +1.7
�0.0

+1.6
�0.0

+0.6
�0.0

+0.2
�0.0

Table 7: The results of a thirteen-parameter fit in the STXS framework. The two VBF-like ggH
bins are grouped to form one parameter, as are the VBF BSM-like, VH-like and Rest bins. No
further merging is performed. The ggH parameters include bbH components, while the qqH
parameters include the hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Both the measured value and the standard model prediction
for the product of the cross section and branching ratio are shown. The ratio of the measured
cross section to the SM prediction is also shown, together with its uncertainty. In addition, the
statistical, experimental, and theoretical components of the uncertainty on each parameter are
reported.
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9. Summary 23

Signal parameter Cross section (fb)
s/sSM

Uncertainty on s/sSM
SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61 72 1.18 +0.20
�0.20

+0.18
�0.18

+0.10
�0.08

+0.06
�0.05

ggH 1J low 15 21 1.3 +0.6
�0.5

+0.6
�0.5

+0.2
�0.2

+0.2
�0.1

ggH 1J med 10 7.6 0.7 +0.4
�0.4

+0.4
�0.4

+0.1
�0.1

+0.1
�0.0

ggH 1J high 1.7 2.9 1.7 +1.0
�0.7

+0.8
�0.6

+0.3
�0.2

+0.2
�0.1

ggH 2J 11 8.4 0.8 +0.6
�0.5

+0.5
�0.5

+0.1
�0.1

+0.3
�0.1

ggH BSM 1.3 2.9 2.2 +0.8
�0.8

+0.6
�0.6

+0.4
�0.3

+0.3
�0.2

qqH 11 9.1 0.8 +0.4
�0.3

+0.4
�0.3

+0.2
�0.1

+0.1
�0.0

Table 6: The results of a seven-parameter fit in the STXS framework. The ggH 1J and 2J BSM
bins are grouped together in the fit; the remaining four ggH bins with two or more jets are also
grouped. All five VBF bins are grouped together. The ggH parameters include bbH compo-
nents, while the qqH parameter includes the hadronic VH contribution. The ttH, tH and VH
leptonic processes are constrained to the SM prediction. Both the measured value and the stan-
dard model prediction for the product of the cross section and branching ratio are shown. The
ratio of the measured cross section to the SM prediction is also shown, together with its uncer-
tainty. In addition, the statistical, experimental, and theoretical components of the uncertainty
on each parameter are reported.

Signal parameter Cross section (fb)
s/sSM

Uncertainty on s/sSM
SM pred. Measured Total Stat. Exp. Theo.

ggH 0J 61 72 1.17 +0.20
�0.20

+0.18
�0.18

+0.08
�0.07

+0.06
�0.04

ggH 1J low 15 24 1.5 +0.7
�0.6

+0.6
�0.5

+0.2
�0.1

+0.2
�0.1

ggH 1J med 10 5.1 0.5 +0.5
�0.4

+0.4
�0.4

+0.1
�0.1

+0.1
�0.0

ggH 1J high 1.7 3.4 2.0 +1.0
�0.7

+0.8
�0.7

+0.3
�0.1

+0.4
�0.2

ggH 1J BSM 0.4 0.6 1.8 +1.7
�1.5

+1.5
�1.4

+0.3
�0.2

+0.4
�0.1

ggH 2J low 2.9 0.8 0.3 +1.5
�0.3

+1.4
�0.3

+0.3
�0.1

+0.3
�0.0

ggH 2J med 4.6 12 2.6 +1.1
�1.1

+1.0
�1.0

+0.3
�0.2

+0.4
�0.3

ggH 2J high 2.3 1.3 0.6 +0.8
�0.6

+0.7
�0.6

+0.2
�0.1

+0.3
�0.0

ggH 2J BSM 1.0 2.7 2.8 +1.1
�1.2

+0.8
�1.0

+0.3
�0.3

+0.5
�0.4

ggH VBF-like 1.5 0 0.0 +0.5
�0.0

+0.5
�0.0

+0.2
�0.0

+0.1
�0.0

qqH 2J-like 2.1 2.6 1.3 +0.6
�0.5

+0.4
�0.4

+0.4
�0.3

+0.1
�0.1

qqH 3J-like 0.8 0 0.0 +0.7
�0.0

+0.6
�0.0

+0.2
�0.0

+0.0
�0.0

qqH other 8.2 0 0.0 +1.7
�0.0

+1.6
�0.0

+0.6
�0.0

+0.2
�0.0

Table 7: The results of a thirteen-parameter fit in the STXS framework. The two VBF-like ggH
bins are grouped to form one parameter, as are the VBF BSM-like, VH-like and Rest bins. No
further merging is performed. The ggH parameters include bbH components, while the qqH
parameters include the hadronic VH contribution. The ttH, tH and VH leptonic processes are
constrained to the SM prediction. Both the measured value and the standard model prediction
for the product of the cross section and branching ratio are shown. The ratio of the measured
cross section to the SM prediction is also shown, together with its uncertainty. In addition, the
statistical, experimental, and theoretical components of the uncertainty on each parameter are
reported.
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Comparison to ATLAS
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STXS categorisation 
•  ggH categorisation: 

•  Use diphoton BDT to reject background in the categories  
 targeting each ggH stage 1 bin  

•  The category definition is a two-step process:  
•  first a target bin is assigned based on the reconstructed pT(H) and nJets  
•  then the diphoton BDT boundaries are chosen independently for each bin  

•  Limit the maximum number of categories for each bin to three, third 
category only required for the high stats ggH 0J bin  

• VBF categorisation: 
•  Six categories are constructed in total:  

1.  A single category for the VBF BSM bin, with pT of the leading jet > 200 GeV  
2.  Two categories for each pT(Hjj) bin in the “VBF-like” region 

require the VBF cuts of mjj > 400 GeV and ∆η > 2.8 
then split at the pT(Hjj) = 25 GeV boundary 

3.   A single category for the VBF rest bin, with 120 < mjj < 400 GeV 
•  Optimized cuts on both the dijet and diphoton BDTs in each category 
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•  Jet energy scale is very important for this analysis  
•  Previously, was implemented as multiple nuisances 

representing migrations between Untagged and VBF tags, and 
within VBF tags  

•  “conservative” approach inherited from Run 1  
•  However jets are now also used in the ggH phase space  

•  Single nuisance is standard implementation → try this first checked 
that these are not highly constrained in the fit ✓  

•  The other leading experimental systematic is the photon IDMVA  
•  Theory systematics: do not include uncertainty on the 

cross-section itself this differentiates the STXS measurement 
from a signal strength 
the effect on the analysis efficiency × acceptance is however 
included  
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• Included as an appendix in the PAS; essential for theory re-interpretations
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Essential for theory reinterpretations 



STXS: correlation matrix 

22 May 2019 

J. Malcles, HH2015 

50 

Essential for theory reinterpretations 

Stage 1 STXS with H→γγ Moriond EWK approval, 01.03.19

1.00 -0.24 0.03 0.16 0.11 -0.07 0.00 -0.00 0.13 0.29 -0.22 -0.26 -0.11

-0.24 1.00 0.29 0.26 0.21 0.03 0.33 0.36 0.34 -0.10 0.12 0.12 -0.41
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• Included as an appendix in the PAS; essential for theory re-interpretations
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ttH: signal model 
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7. Systematic uncertainties 11
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Figure 4: Parametrized signal shape for all categories, weighted by S/(S+B) as defined in the
text. The open squares represent weighted simulation events and the blue line the correspond-
ing model. Also shown is the seff value (half the width of the narrowest interval containing
68.3% of the invariant mass distribution), the full width at half of the maximum (FWHM) and
the corresponding interval.

are incorporated in the signal model as nuisance parameters. If the shape of the distribution is
unaffected, the systematic variation is treated as a log-normal uncertainty in the event yield of
the category.

The results presented here are largely dominated by statistical uncertainties. A large number of
systematic uncertainty sources have been considered in this analysis, as depicted in Ref. [16].
Only the dominant sources are further described hereafter.

The dominant theoretical uncertainties are:

• QCD scale uncertainty: related to variations of the renormalization and factoriza-
tion scales, following the recommendations in Ref. [26]. The impact on the signal
strength is found to be around 9%;

• PDF (parton density functions) uncertainties: have an overall normalization from the
PDF4LHC prescription [38, 39], while the bin-to-bin migrations are calculated from
the NNPDF3.0 [40] PDF set using the MC2HESSIAN procedure [41]. The impact on
the ttH signal strength is found to be about 5%;

• Uncertainty in the strong force coupling constant: the uncertainty in the value of the
strong force coupling constant as is evaluated following the PDF4LHC prescription.
The overall variation in the signal strength due to the as uncertainty is about 3%;

• Uncertainty in the H! gg branching fraction: estimated to be 2% [39];
• Gluon fusion contamination: the theoretical predictions for gluon fusion are less re-

liable in a regime where the Higgs boson is produced in association with a large
number of jets. Three different contributions are considered: the uncertainty from
the parton shower modeling, estimated by taking the observed difference in the jet
multiplicity between aMC@NLO predictions and data in tt +jets events [42], the un-
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Identification of other objects

 13

• Jets are reconstructed using anti-kT algorithm with a radius parameter of 0.4. 


• Jets are selected by requiring tight jetID and pT > 25 GeV in |"| < 2.4.


• b-jets are tagged using the centrally defined DeepCSV algorithm,


•  medium working point is chosen to quantify the b-jet multiplicity. 


• Electrons are identified using the ID provided by e/gamma POG with pT > 10 GeV and |"| < 2.5, 
muons are required to have pT > 10 GeV and |"| < 2.4.


• All leptons are required not to overlap with photons by imposing a ∆R > 0.2. Jets are also 
required not to overlap with photons and leptons by imposing ∆R > 0.4. 


• All scale factors are applied following the POG recommendations. 
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1
4

Event categories SM 125 GeV Higgs boson expected signal Bkg
Total ttH bbH tHq tHW ggH VBF WH lep ZH lep WH had ZH had se f f FWHM (GeV�1)

ttH Hadronic 0 2.4 86.7 % <0.05 % 5.0 % 2.8 % 2.6 % 0.1 % 0.1 % 0.1 % 0.7 % 1.8 % 1.66 1.61 0.2
ttH Hadronic 1 3.3 79.2 % 0.2 % 5.6 % 2.4 % 7.5 % 0.2 % 0.4 % 0.1 % 1.0 % 3.3 % 1.79 1.62 1.1
ttH Hadronic 2 5.2 62.9 % 0.2 % 5.9 % 1.9 % 18.4 % 1.3 % 0.6 % 0.4 % 3.2 % 5.1 % 2.02 1.72 3.8
ttH Leptonic 0 2.7 88.5 % <0.05 % 5.2 % 4.4 % 0.2 % <0.05 % 1.2 % 0.2 % <0.05 % 0.1 % 1.79 1.66 0.3
ttH Leptonic 1 1.2 87.6 % <0.05 % 5.5 % 1.8 % 2.0 % 0.2 % 1.9 % 0.8 % <0.05 % 0.2 % 1.88 1.59 0.3

Total 14.8 77.2 % 0.1 % 5.5 % 2.6 % 8.7 % 0.5 % 0.7 % 0.3 % 1.5 % 2.8 % 1.84 1.65 5.6

Table 2: The expected number of signal events per category and the percentage breakdown per production mode in that category. The
se f f , computed as the smallest interval containing 68.3% of the invariant mass distribution, and FWHM, computed as the width of the
distribution at half of its highest point divided by 2.35 are also shown as an estimate of the mgg resolution in that category. The expected
number of background events per GeV around 125 GeV is also listed.
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Figure 6: Data points (black) and signal plus background model fits in each category are shown.
The tt̄H signal strength reported in each plot is from the simultaneous fit to all 2017 categories.
In the sum of all categories (bottom right), each category is weighted by S/(S + B), where S
and B are the numbers of expected signal and background events, respectively, in a ±1se f f

mass window centered on mH. The one standard deviation (green) and two standard deviation
(yellow) bands include the uncertainties in the background component of the fit. The solid
red line shows the contribution from the total signal, plus the background contribution. The
dashed red line shows the contribution from the background component of the fit. The bottom
plot shows the residuals after subtraction of this background component.
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• The same strategy as HIG-16-040 is followed.


• The dominant theoretical uncertainties: 


• QCD scale: 9%


• PDF: 5%


• Strong coupling constant: 3%


• H→!! branching fraction: 2%


• ggH contamination: 2%


• The dominant experimental uncertainties:


• Photon identification: 6%


• Jet energy scale resolution: 4%


• Shape of the b discriminant: 3%


• Integrated luminosity: 2.3%

Systematic uncertainties
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