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Motivation
 More than 10 years of the Higgs Boson discovery at LHC:


• Measurements of the Higgs Boson properties (mass, spin, 
width, cross sections, couplings) with increased precision


• Consistency with SM predictions intensively tested


 … that is the moment to perform the combination!


• Combination of the single Higgs analysis allows to test the 
Higgs sector and constraint the strength of the interaction 
between the Higgs and the SM particles


• framework, Simplified template cross sections (STXS) 
and differential cross sections


• Measurements can be interpreted under BSM/EFT 
scenarios


• , invisible and  combinations are also 
explored


• Combination using golden channels with early Run3 data 
is also performed

κ−

H + HH H → H → Zγ

Credit: CERN webpage

Higgs Symposium at CERN for 10 years discovery
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https://home.cern/news/series/higgs10/higgs10-when-spring-2012-turned-summer?fbclid=IwAR2oEcqr1Ehb5lqgwz1XS4-Bad8RRTgSAd0F0xmn7WHXO4BfLxpgY_qKtxg
https://indico.cern.ch/event/1135177/


Higgs Boson production and decay at LHC
 Higgs Production processes:


• Gluon-gluon fusion (ggF) (dominant production mode)


• Vector-boson fusion (VBF)


• Association with a vector boson (VH)


• Association with top and bottom quark pair (ttH/bbH)

 Higgs Decay channels:


•  and  


• Low BR and high mass resolution


• , ,  and  


• High BR and low mass resolutions


• Rare decays:  and  

H → ZZ* → 4l H → γγ

H → bb̄ H → W±W∓ H → τ+τ− H → cc̄

H → μ+μ− H → Zγ

ggF VBF
VH

ttH/bbH

tH

Higgs to WW/ZZ Higgs to yy/Zy

Higgs to bb/cc

Higgs to /ττ μμ

Nature, vol. 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w


Cross sections and Branching ratio measurements
 Production cross sections  (free parameter in the fit, BR fixed to SM values):

• ggF and VBF observed in Run1, precision in Run2 7% and 12% respectively 


• Observed in Run2: WH ( ), ZH ( ) and  ( )


Branching ratio  (free parameter in the fit, XS fixed to SM values):


•  and  already observed during Run 1, precision in Run2 ranges from 10% to 12%


•  decay mode observed with ,  and  signal significances measured to be  and , respectively

5.8σ 5.0σ ttH + tH 6.4σ

γγ, ZZ, W±W∓ τ+τ−

H → bb̄ 7.0σ H → μ+μ− H → Zγ 2.0σ 2.3σ

P-value 
compatibility 
with SM: 65%

P-value 
compatibility 
with SM: 56%

Nature, vol. 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w


Higgs Boson production rates measurements
 Measurements for different combinations of production and decay processes


• Relaxed assumptions by measuring the 


 Good agreement between the measurements and SM predictions

σ × B

P-value compatibility 
with SM: 72%

Nature, vol. 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w


Higgs Boson coupling measurements
 is parametrized in terms of multiplicative coupling strength modifiers ( ) ( -framework)


• Total decay width accounts for all decay modes, direct/indirect decays and hypothetical decays to non-SM particles


   (for the weak bosons),  (all fermions)


•  Assuming no invisible or undetected Higgs Boson decays beyond SM (  and )


 Test predicted scaling  of the Higgs Boson coupling to SM particles as a function of their masses:  are treated 
independently

σ × B κ κ

κV = κZ = κW κF

Binv. = 0 Bu. = 0

κW, κZ, κt, κb, κc, κτ, κμ,






Compatible with SM 

predictions 

(p-value 14%)

κV = 1.035 ± 0.031
κF = 0.95 ± 0.05 Compatible with SM 

predictions 

(p-value 56% for )


(p-value 65% for  floating)

κc = κt
κc

Nature, vol. 607, 52-59 (2022)
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https://www.nature.com/articles/s41586-022-04893-w


The simplified template cross section measurements
 Simplified template cross section framework:


• Mutually exclusive regions (36) of the phase 
space split based on Higgs kinematics (+ W or 
Z bosons and associated jets)


• Sensitive to SM deviations; reduce large theory 
uncertainties and minimize model-dependence 
when extrapolating to accessible signal regions


• More regions are probed compared to 
previous result [1], specially for High Pt Higgs 
Boson 


 Good compatibility between the measurements and 
the SM predictions!

P-value compatibility of 
combined measurement and 

SM: 94%

[1]: PhysRevD.101.012002

Nature, vol. 607, 52-59 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://www.nature.com/articles/s41586-022-04893-w


BSM/EFT interpretations
 The STXS measurements and differential cross sections are interpreted in the context of:


• Effective Field Theory (EFT) 


 The production cross section and decay branching ratio measurements are interpreted in the context of: 


• BSM scenarios: Two-Higgs-Doublet Model (2HDM) or Minimal Supersymmetric Extension of the SM (MSSM)  

More details on Yuhao Wang and Chen Zhou’s talk 

Linear SMEFT model result:

Constraining power from 

the Higgs decay and 
production modes

No deviations from the SM 
predictions


P-value (94.5%)

2HDM interpretation:

Plane of 

Excluded regions at 95%CL 

for Type-I model (all 
fermions couple to same 

Higgs doublet)

tan β − cos(β − α)

ATLAS-CONF-2023-052
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https://cds.cern.ch/record/2870216/files/ATLAS-CONF-2023-052.pdf


invisible combinationH →
In the SM, branching ratio to invisible final state is about 0.1% from 


ATLAS direct searches for invisible decays of the Higgs Boson using Full Run 2 dataset:


• ggF, VBF, VH and ttH production mechanisms

H → ZZ* → 4v

More details on

 Shih-Chieh Hsu’s talk 

Improved by more than 
a factor of  2 wrt Run1 

and partial Run2 
combination result [1]

[1]: Phys. Rev. Lett. 122, 231801 (2019)

Phys. Lett. B 842 (2023) 137963

Comparison of the 
constraint on  

with direct dark 
matter (DM) 
experiments

BH→inv

H-> invisible: 

no interaction with 

ATLAS detector

 (obs.)BH→inv. < 0.107
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231801
https://www.sciencedirect.com/science/article/pii/S0370269323002976?via=ihub


H + HH combination 
 The single Higgs input analysis have been combined 

with the three most sensitive double Higgs channels: 
,  and 


•  Correlation between nuisance parameters of different 
analysis coherently taking into account 

HH → bb̄γγ HH → bb̄τ+τ− HH → bb̄bb̄

 H+HH combination provides the most stringent 
constraints to date


  @ 95%CL


 The addition of the single-Higgs analyses to the 
combination allow relaxing assumptions on 


  @ 95%CL (sensitivity on  is kept)


 Generic model where   are floated 
simultaneously in  the fit


   @ 95%CL (there is still strong constraint on )

−0.4 < κλ < 6.3

κt

−0.4 < κλ < 6.3 κλ

κλ, κV, κt, κb, κτ

−1.4 < κλ < 6.1 κλ

Phys. Lett. B 843 (2024) 137745
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub


 Run2 combinationH → Zγ

First evidence for the Higgs Boson decay to Zγ

 Statistical combination of the ATLAS and CMS 
searches for :


• Signal strength ( ):


• 


• Significance (no  signal hypothesis)


• 


• Measured branching fraction as 


 Important systematic uncertainties related to  
branching fraction and background modelling


Uncertainties in the measurement dominated by 
statistical component 

H → Zγ

μ

μ = 2.2 ± 0.7 (1.0 ± 0.6, exp.)

H → Zγ

3.4σ (1.6σ, exp.)

(3.4 ± 1.1) × 10−3

H → Zγ

arXiv:2309.03501 (Submitted to PRL)
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https://arxiv.org/abs/2309.03501


 and  combination at 13.6 TeVH → γγ H → ZZ* → 4l

 and  : golden channels 
in Higgs discovery


• Fully reconstructible final state with excellent 
mass resolution


 Statistical combination for measuring the total 
cross section using early Run3 data


• Total cross section: Extrapolation to the full 
phase space by assuming the SM acceptance 
and branching fractions


 Total combined cross section comparison:


•    pb (at 13 TeV) versus  pb 
(at 13.6 TeV)


•  Relative increase of the total combined 
cross section is ~ 5% 

H → γγ H → ZZ* → 4l

55.5+4.0
−3.8 58.2 ± 8.7

Total cross section ( ) @ Run 3:  pbH → γγ σ = 67+12
−11

Total cross section ( ) @ Run 3:  pbH → 4l σ = 47 ± 12

Combined cross section =   pb 

Consistent with SM ( ) pb

58.2 ± 8.7
59.9 ± 2.6

Submitted to EPJC, arXiv:2306.11379

12

https://arxiv.org/abs/2306.11379


Summary
 The combination of the single Higgs measurements has been performed with the LHC Run 2 

dataset:

• It has allowed to test the Higgs sector by measuring the Higgs production and decay rates and 

the its couplings to the SM particles

• All measurement show excellent agreement with the SM predictions


• These combined measurements have been used for interpretations in the context of the EFT, 
2HDM and MSSM models

•  No significant deviation with respect to the SM is observed


• Combinations of the direct invisible decays searches are complementary to the direct dark 
matter searches  

• Improved limits using Full Run 2 dataset with respect to Run 1 and partial Run 2


• Combination with double Higgs most sensitive channels

•   Most stringent constraint on the Higgs Boson trilinear self-coupling to date 


•  ATLAS+CMS combination: first evidence for this Higgs Boson decay  


• Sensitivity is enhanced by the combination


 Additionally, since the Run 3 is already here, the combination of the total cross sections in 
the golden channels is obtained using the Run 3 dataset collected at 13.6 TeV

H → Zγ

Run 3 data-taking just 
started! There are 

much more to come! 

Stay tuned!
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Back-up slides
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Single Higgs combination: input analysis

Not used in STXS measurement 
due to limited sensitivity

Only used in STXS 
measurement
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Global signal strength
 Observed signal yield for a given process can be expressed as:


•  (signal strength for a production mode i and decay mode f)


•Assuming all the production and decay processes scale with same global signal strength: 

μif =
σi

σSM
i

×
Bf

BSM
f

μ = μif

μ = 1.05 ± 0.05 = 1.05 ± 0.03(stat.) ± 0.03(exp.) ± 0.04(sig. theo.) ± 0.02(bkg. theo)

Measured inclusive Higgs Boson production rate with respect to SM prediction

Total uncertainty is reduced by about 30% wrt previous  combination with partial Run2  (80 fb-1)
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Higgs Boson coupling measurements
 is parametrized in terms of multiplicative coupling strength 

modifiers ( ) ( -framework)

•  Allow for the presence of non-SM particles in the loops-induced 
processes 


•Parametrized by the effective coupling strength modifiers  

•Scenarios studies:


•  (no contribution to the total Higgs decay width)


•  are allowed to contribute to the total Higgs decay width 
( ,  )

σ × B
κ κ

κg, κγ, κZγ

Binv. = Bu. = 0

Binv., Bu.
κV ≤ 1 Bu. ≥ 0

Measured coupling strength modifiers are compatible 
with the SM predictions


P-value compatibility with SM: 61% for Binv. = Bu. = 0

Observed Upper limits:  and   @ 95%CLBinv. < 0.13 Binv. < 0.12
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BSM/EFT interpretations
2HDM interpretation

Minimal Supersymmetric Standard Model (MSSM)  interpretation

 Minimal extension of the SM that addresses open questions in the SM as the hierarchy problem and Dark 
Matter particle candidate
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H + HH combination 

 95%CL Observed and expected exclusion limits 
on the HH production cross section for ggF+VBF  
as a function of  and VBF production mode 
versus 


•  Combination of the three most HH sensitive 
channels

κλ
κ2V

 2D contour curves in the -  plane

•  All other coupling modifiers are fixed to 
the unity

κt κλ
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 Run2 combinationH → Zγ

Signal strength = 

Compatible with SM prediction: p-

value of  0.02

2.4 ± 0.9

 pbσ(pp → H) × B(H → Zγ) = 0.21 ± 0.08



Consistent with SM prediction!

B(H → Zγ)/B(H → γγ) = 1.5+0.7
−0.6

Signal strength = 

 (Assuming the presence of the SM Higgs Boson)

2.0+1.0
−0.9

Significance is measured as  (observed) and  (expected)2.2σ 1.2σ

Observed 95%CL limit on  is 3.6 (2.6, expected) with the assumption of the SM Higgsμ

Phys. Lett. B 809 (2020) 135754

JHEP 05 (2023) 233
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
https://link.springer.com/article/10.1007/JHEP05(2023)233


 and  combination at 13.6 TeVH → γγ H → ZZ* → 4l
Higgs to yy channel

Fiducial cross section measurement: 

σfid. = 76 ± 11(stat.)+9

−7(syst.)

Higgs to ZZ (4leptons) channel

Fiducial cross section measurement: 

σfid. = 2.80 ± 0.70(stat.) ± 0.21(syst.)
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