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Outline
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• Couplings and cross sections measurements
• Combined measurements (CMS, ATLAS)

• ! → ## (CMS, ATLAS)

• $(! → &&∗) (CMS)

• ! → &&∗
(ATLAS)

• $(! → )*)) (ATLAS)

• ! → ++ (CMS, ATLAS)

• Mass measurements
• ! → ,,∗, ! → ## (CMS, ATLAS)

• CP measurements
• ggH (CMS, ATLAS)

• HVV in VBF production (CMS, ATLAS)

• ! → ++ (CMS)

• Not covered by this talk:

• ! → ,,∗ → 43 (backup)

• ! → )*) (backup)

• CP structure of 4 ̅4! → see talk by T. Strebler (backup)

• 4 ̅4! → see talk  by T. Strebler

• EFT interpretations → see talk by T. Calvet (backup)

• Double Higgs production → see talk by F. Monti

• Rare decays (! → 66, ! → ,#, ! → 7 ̅7) → see talk by S. Donato

• STXS vs fully fiducial measurements → see talk by N. Berger

• Differential cross sections measurements → see talk by F. Alves
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Introduction

3

• Since the Higgs discovery in 2012 we have performed more and more precise measurements
• Focus on measuring the Higgs properties looking for confirmation of the SM or any possible sign of new physics
• LHC Run 2 finished in 2018 collecting 140 fb-1 per experiment at ! = 13 TeV → excellent performance of LHC!
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Higgs production and decays
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Main production processes at the LHC (cross sections at ! = 13 TeV for %& = 125 GeV)

)**+ = 48.6 ± 2.4 pb )12+ = 3.78 ± 0.08 pb

• Large BR for 7 → 9:9, 7 → ;;∗
and

7 → ==, however more challenging

channels: poor mass resolution, 

background contamination and jets

tagging for > → ?@?

• Small BR for 7 → AA∗ and 7 → BB,
however cleaner channels with high mass 

resolution

)DD̅& = 0.51FG.GHIG.GJ pb )K& = 1.37 ± 0.03 pb
)L& = 0.88FG.GJIG.GM pb

LHCHXSWG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV


Higgs couplings and cross section
measurements
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Status
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• Observation of all main production processes (ggF, VBF, &',(' and ))̅')
• Observation of most of the bosonic and all main fermionic decay modes (+ → --∗ , + → //,+ → 00∗,' → 121,' → 33)
• Evidence for ' → 44 by CMS experiment
• All measurements in agreement with the SM predictions

• Results from ATLAS and CMS combined measurement using + → --∗ , + → //,+ → 00∗,+ → 565, + → 77
(ATLAS-CONF-2020-027, Eur. Phys. J. C 79 (2019) 421)

8 = 1.06 ± 0.04 stat. ± 0.03 exp. syst. HI.IJ
KI.IL sig. th. ± 0.02(bkg th. )

Observation during Run 2
Evidence during Run 2

• Global signal strength from ATLAS combined
measurement

• Experimental systematic and theory
uncertainties comparable to statistical ones

8TU =
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http://cdsweb.cern.ch/record/2725733/
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6909-y
https://link.springer.com/article/10.1007%2FJHEP01%282021%29148
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k-framework
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• Coupling strength modifiers introduced to study possible deviations of Higgs couplings from SM
• Use common coupling modifiers for bosons and fermions → !", !$

(&'×)*) = !'-&'./
!*-Γ*./
!1-Γ1./

2, 3 → production mode, Higgs decay final state
SM → SM expectation
Γ1 → total Higgs width

• Analysis with 36 fb-1

• Results compatible with the SM prediction within the 2& region

• Partial or full Run 2 statistics according to the decay channel
• Results compatible with the SM prediction within the 68% C.L.
• Level of compatibility with the SM hypothesis corresponds to 

p-value 5./ = 45%

CMS

ATLAS

ATLAS-CONF-2020-027

Eur. Phys. J. C 79 (2019) 421

http://cdsweb.cern.ch/record/2725733
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6909-y
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Simplified Template Cross Sections (STXS)
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• From signal strength/total cross sections to simplified template cross sections measurements
• Cross sections measured separately for different production modes in mutually exclusive

kinematic regions → identified using variables like !"#, $%&'(, )%%, !"+
• Less model-dependent measurements and minimization of theory uncertainties impact
• No dependency on the Higgs decay channel → makes the combination easier
• Maximization of experimental sensitivity
• Isolate possible BSM effects
• Used different granularity depending on channel sensitivity

Stage 1.2 
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! → ##
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• Cross section measured in 27 kinematic regions

• Extensive use of Machine Learning techniques in both analyses

• Multiclass BDT is used for separating events in different STXS bins, then a 

binary BDT is trained to improve separation of signal from background events

(CMS also uses Deep Neural Networks) 

• Dominated by statistical uncertainties but results in agreement with the SM 
expectations

$×&'' ()* = 127 ± 10 fb

1 = 1.12 ± 0.09

CMS-HIG-19-015

ATLAS-CONF-2020-026

$×&'' 45 = 115 ± 5 fb

https://cds.cern.ch/record/2754281
http://cdsweb.cern.ch/record/2725727
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!(# → %%∗)(CMS)
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• Targeting VH production
• Different categories according to the final state (from 2 to 4 leptons and 0 or ≥ 1  jets)
• Maximum likelihood fit to the reconstructed mass of the Higgs or to the BDT ouptut according to the category
• Measurement in 4 STXS bins
• Results compatible with SM predictions

WH3L ZH3L

CMS-PAS-HIG-19-017

) = 1.85/0.1230.11 stat. /0.2730.28 exp. /0.0830.<0(th. )
From inclusive measurement

https://cds.cern.ch/record/2758367
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! → ##∗(ATLAS)
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• ggF and VBF production cross sections measured
• Required two different flavour and opposite charge leptons in the final state 
• Discriminant variable→ transverse mass of the dilepton system %& in ggF categories and 

Deep Neural Network output in VBF category
• STXS measurements in 11 kinematic bins
• Systematic uncertainties larger than statistical ones in inclusive measurements and in some 

STXS bins, signal theory uncertainties among the most relevant ones
• Results in agreement with the SM expectations

'(()×+,→-- ./0 = 12.4 ± 1.5 pb

'(()×+,→-- 89 = 10.4 ± 0.6 pb

'<=)×+,→-- ./0 = 0.79@A.BCDA.BE pb

'<=)×+,→-- 89 = 0.81 ± 0.02 pb ATLAS-CONF-2021-014

http://cdsweb.cern.ch/record/2759651
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!"#
$$ = 0.72*+.,-

.+.,/ stat. *+.,,
.+.,3(exp. )

9(: → <=<) (ATLAS)
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• : → <=< most sensitive channel to VH production
• >: and Z: measured separately

• ?@ → ABA resolved
• Higgs candidate reconstructed as two separate jets
• BDT output used as observable for the fit
• Single bin for STXS measurement with CD

E > 250 GeV

• ?@ → ABA boosted (CD
E > 250 GeV )

• Higgs candidate reconstructed as a single large radius jet 
• Signal strength and STXS measurements performed using a binned

maximum likelihood fit to the mass of the jet HI using all SRs and CRs

Phys. Lett. B 816 (2021) 136204

Eur. Phys. J. C 81 (2021) 178

!"#
$$ = 0.93*+.+3

.+.+L stat. *+.M,
.+.MN(exp. )

Phys. Lett. B 780 (2018) 501

CMS analysis with 36 fb-1

https://www.sciencedirect.com/science/article/pii/S0370269321001441
https://doi.org/10.1140/epjc/s10052-020-08677-2
https://www.sciencedirect.com/science/article/pii/S0370269318301618?via%3Dihub
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! → ##
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• First STXS measurements in$ → %% using full hadronic (#&'(#&'()
and semileptonic (#*+,#&'() final states

• Cross section measured only in ggH and qqH bins → ! → ## most

sensitive to ggF with high -./ and VBF

• 0 → %% main irreducible background evaluated with data-driven

method, embedding technique

• 2D maximum likelihood fit to reconstructed 122 and other variable

like -./ for ggH and 133 for qqH

• Agreement with SM predictions

• Results with 36 fb
-1

which leads to first 

ATLAS ! → ## observation

• First attempt of STXS measurements with 3 bins

• Agreement with SM predictions

CMS
ATLAS

Phys. Rev. D 99 (2019) 072001

CMS-PAS-HIG-19-010

4 = 0.85:;.<<=;.<> STXS

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072001
https://cds.cern.ch/record/2725590/


Higgs mass
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Mass measurements
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!" = 124.97 ± 0.16 stat. ± 0.18 (syst. ) GeV !" = 125.38 ± 0.11 stat. ± 0.08 (syst. ) GeV

Phys. Lett. B 805 (2020) 135425

JHEP 11 (2017) 047Phys. Lett. B 784 (2018) 345

ATLAS+CMS Run 1 combination:
!" = 125.09 ± 0.24 GeV

!" = 124.92 ± 0.19 stat. 67.78
97.7: (syst. ) GeV

Result with 139 fb-1: ATLAS ; → ==∗ATLAS ; → ==∗ and ; → ?? combination,  
Run 2 36 fb-1 combined with Run 1 
measurements at @ =7 and 8 TeV

CMS ; → ==∗ and ; → ?? combination,  
Run 2 36 fb-1 combined with Run 1 
measurements at @ =7 and 8 TeV

ATLAS-CONF-2020-005

Most accurate 
result so far!

https://www.sciencedirect.com/science/article/pii/S037026932030229X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026932030229X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269318305884
http://cdsweb.cern.ch/record/2714883


Higgs CP
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ggH
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• Test CP structure of Higgs coupling to gluons using # → %%∗ → '( events
• Use discriminant variable based on matrix elements both for separating signal from 

background events, and CP-even from CP-odd events

• )*+
,,- parameter extract from likelihood fit

(./→ CP-odd coupling, .0→ CP-even coupling)

• Limited	by	statistics
• =>/

??@ = −0.53GH.IJKH.LM at 68% C.L., compatible with CP-even SM prediction

• CP structure of ,,- vertex also measured in ATLAS
• N → OO∗ events
• Exploit both rate and shape informations (signed

ΔΦRR between the two leading jets)
• STUU/ S#UU = V. V ± V. ' XYZY. ± V. + X[XY.

at 68% C.L.

CMS-PAS-HIG-19-009

ATLAS-CONF-2020-055

https://cds.cern.ch/record/2725543
http://cdsweb.cern.ch/record/2743624


26/04/2021 Alessia Murrone – INFN Milano – SM@LHC

HVV vertex in VBF	production
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• Test CP violation in VBF production (HVV vertex) using % → '' events
• Parametrisation:

• Use discriminant variable sensitive to CP-odd contribution → Optimal Observable

• BDT for separating VBF Higgs events from background and then maximum 
likelihood fit to Optimal Observable

• No sign of CP violation → () < −,. ,., and () > ,. ,01 excluded at 68% C.L.

23 = 256
3 + (8 9 2 ;< 256

∗ 2>?@ABB + C83 2>?@ABB
3

DE ≔
2 ;< 256

∗ 2>?@ABB

256
3

• Similar analysis in CMS targeting VBF production
• Different parametrisation
• Discriminant variables based on matrix element

calculations
• Results consistent with SM  

• GH0 IJK LH0 < −,. MN and 
GH0 OPQ LH0 > ,. MN at 68% C.L.  in 
combination with R → 4T decay 

• UVW ratios of cross sections sensitive to CP-
odd anomalous coupling

Phys. Rev. D 100 (2019) 112002

Phys. Lett. B 805 (2020) 135426

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.112002
https://www.sciencedirect.com/science/article/pii/S0370269320302306?via=ihub
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! → ## (CMS)
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• First direct study of CP structure of $ → %% vertex
• Analysis exploiting #&#' and #'#' decay modes

• Parametrisations of the CP-odd and CP-even couplings using the ()) mixing angle

tan ( )) =
./)
/)

• Discriminating variable → angle between the % decay planes, 012
• Impact parameter method for # decaying into 3± or single 5
• Neutral pion method for the other production modes

(6± → 5±57, 9:± → 5±5757, 9:± → 5±5∓5±)

• BDT use to enhance sensitivity

• CP even distinguished from CP odd hypothesis at 3.2 σ

• Mixing angle compatible with 0

()) = 4 ± 17 ° at 68% C.L.

CMS-PAS-HIG-20-006

/@ → CP-even coupling
A/@ → CP-odd coupling

https://cds.cern.ch/record/2725571


26/04/2021 Alessia Murrone – INFN Milano – SM@LHC

Conclusions and outlook
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• Most of the ATLAS and CMS Higgs analyses with Run 2 full dataset are public 
or being finalized

• Many measurements results, a lot of progress regarding analyses techniques

• Higgs physics is entering the precision era 
• Precise measurements of Higgs couplings and other properties
• Search for deviations from the SM predictions as a sign of BSM physics

• All the results so far are consistent with the Standard Model

• Looking forward to Run 3 and High-Luminosity LHC with expected integrated luminosity of 300 fb-1 and 3000 fb-1

• Access to 2nd generation fermion couplings
• Higgs self couplings → explore Higgs potential and look for any sign of new physics

Stay tuned for more results! 



BACKUP 



26/04/2021 Alessia Murrone – INFN Milano – SM@LHC

! → ##∗ → 4&
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• Events classified using mutually exclusive categories
• To further increase the sensitivity Neural Network output are used as observables

for the fit (ATLAS)
• Production-dependent discriminants related to the probability of having a certain

production, calculated using matrix elements (CMS)
• Dominated by statistical uncertainty
• Good agreement with SM expectations

Eur. Phys. J. C 81, 29 (2021)

arXiv:2103.04956 , submitted to EPJC

'×)*→++ ,-. = 1.34 ± 0.12 pb

'×)*→++ 67 = 1.33 ± 0.08 pb

9 = 0.94 ± 0.07 stat. ?@.@A
B@.@C(syst. )

https://doi.org/10.1140/epjc/s10052-020-08644-x
https://arxiv.org/abs/2103.04956
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! → #$#
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• Boosted regime: %&' > 250 GeV (ATLAS), %&' > 400 GeV (CMS)
• Inclusive in production modes
• Higgs candidate reconstructed as a single large radius jet containing at least two b-tagged

track-jets (MVA likeihood-based algorithm in the case of ATLAS and Deep Neural Network 
algorithm in the case of CMS)

• Inclusive, fiducial and differential measurements
• Signal strengths and cross sections retrieved from a binned maximum likelihood fit to the 

mass of the jet using all SRs and CRs
• Excess in region with -./ > 012 GeV with a local significance of 2.6 3 seen by CMS
• Results in agreement with SM expectations

ATLAS-CONF-2021-010

JHEP 12 (2020) 085

http://cdsweb.cern.ch/record/2759284
https://link.springer.com/article/10.1007%2FJHEP12%282020%29085
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CP structure of ! ̅!# vertex
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• Probe CP structure of ttH vertex using $ → && decay channel
• Parametrization of the coupling

• ' is the CP-mixing angle, () is the top Yukawa coupling
→ ' = 0, () = 1 (SM), ' = 90° (pure CP-odd)

• A first BDT is trained for separate ! ̅!# events from background 
and a second BDT to separate CP-odd from CP-even couplings

• Maximum likelihood fit to 011
• No sign of CP violation → pure CP-odd excluded at 3.9 2 and 

|4| ≥ 67° excluded at 95% C.L. 

• Similar analysis in CMS 
• No sign of CP violation → pure CP-odd excluded at 3.2 2

and 89:;<< = =. == ± =. 77 at 68% C.L. 

() → CP-even coupling
@() → CP-odd coupling

Phys. Rev. Lett. 125 (2020) 061802

Phys. Rev. Lett. 125 (2020) 061801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
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EFT interpretations
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• STXS measurements in exclusive kinematic regions interpreted with EFT 
approach

• Allow to look for possibile non-SM contributions to the tensor structure of the 
Higgs boson couplings

• Wilson coefficients expressed in the Warsaw basis and experimentally
constrained

• ATLAS EFT combination using ! → ## ,! → %%,! → &'&

From dimension-6 parameters in Warsaw basis to dimension-6 parameters in fit basis

ATLAS-CONF-2020-053

http://cdsweb.cern.ch/record/2743067
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EFT interpretations
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• ATLAS ! → ##∗ → %& and diboson production analyses

• Combination of different inputs, ' → ((∗ production cross section and SM ((
differential cross section, use to constrain EFT parameters

• Stepping stone for global EFT measurements

Impact of EFT parameters on ' → ((∗ signal strength modifier, 
normalisation of WW background in ggH and WW differential cross sections

ATL-PHYS-PUB-2021-010

http://cdsweb.cern.ch/record/2758785
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STXS Combination
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• !"×$%% $&/$%% extracted from the fit

• Level of compatibility with SM → '() = 95%
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CP parametrisations
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CMS parametrisation
• Scattering amplitude:

• !"# parameter extracted from the fit (ratio of cross sections)

ATLAS parametrisation
• Lagrangian in Higgs characterisation framework

• $%&&/$(&& or similar extracted from the fit

• Other parametrisation in VBF ) → ++ which has CP-odd

contribution parametrised by ,-

,- = 1
4
1
Λ
3455
367

tan;


