
Measurements of Higgs boson properties 
with the ATLAS detector

Trevor Vickey
on behalf of the ATLAS Collaboration

July19, 2023

Lepton-Photon 2023 — Melbourne, Australia



Outline

2

Higgs Mass Higgs Width Higgs Spin / CP



Higgs Boson Mass Measurements 
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Phys. Lett. B 843 (2023) 137880

Post-fit 
probability 
density 
function

Observed 
and 
expected 
pre-fit 
distributions

 mH = 124.99 ± 0.18 (stat.) ± 0.04 (syst.) = 124.99 ± 0.19 GeVFull Run-2 result:

Run-1 + Run-2 result:  mH = 124.94 ± 0.17 (stat.) ± 0.03 (syst.) = 124.94 ± 0.18 GeV

• The latest ATLAS H → ZZ* → 4ℓ analysis (ℓ = e or 𝜇):

• Profits from an increased data sample (full Run-2 dataset of 139 fb-1), includes a new high-precision muon 

momentum calibration, 

• exploits a neural-network-based classifier for the signal versus background discrimination (improves 

measurement precision by ~2%) and the inclusion of the event-by-event invariant mass resolution in the 
analytical model used to fit the data (reducing the total expected uncertainty on mH by ~1%).

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
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Higgs Boson Mass Measurements 
• This latest mass measurement in the Higgs to ɣɣ channels benefits from: 

• An increased data sample (full Run-2 dataset of 140 fb-1), and a new photon reconstruction algorithm with 

better energy resolution,

• an improved estimation of the photon energy scale with reduced uncertainties—total systematic uncertainty 

now down to 90 MeV as compared to an earlier result with 340 MeV (Phys. Lett. B 784 (2018) 345)
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 mH = 125.17 ± 0.11 (stat.) ± 0.09 (syst.) = 125.17 ± 0.14 GeV
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 Total    Stat.    Syst.

γγ→H Run 1  0.27) GeV± 0.43 ± 0.51 (±126.02 

 Run 1ATLAS + CMS
4l→ZZ*→H, γγ→H

 0.11) GeV± 0.21 ± 0.24 (±125.09 

γγ→H Run 2  0.09) GeV± 0.11 ± 0.14 (±125.17 

γγ→H Run 1 + Run 2  0.09) GeV± 0.11 ± 0.14 (±125.22 

Full Run-2 result:

Run-1 + Run-2 result:  mH = 125.22 ± 0.11 (stat.) ± 0.09 (syst.) = 125.22 ± 0.14 GeV

Most precise Higgs mass 
measurement from a 
single channel!

ATLAS-CONF-2023-036

https://arxiv.org/pdf/1806.00242.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-036/


Higgs Boson Mass Combination
• Measurement combines the latest results in the H → ZZ* → 4ℓ and H → ɣɣ decay channels

• Result based on 140 fb-1 of pp collision data collected at a center of mass energy of 13 TeV during Run-2

ATLAS-CONF-2023-037

 mH = 125.11 ± 0.09 (stat.) ± 0.06 (syst.) = 125.11 ± 0.11 GeV

 mH = 125.10 ± 0.09 (stat.) ± 0.07 (syst.) = 125.10 ± 0.11 GeV

5

Full Run-2 result:

Run-1 + Run-2 result:

Currently the most precise 
measurement of the Higgs 
boson mass, with an 
uncertainty of 110 MeV!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-037/


 3.3σ obs (2.2σ exp)
 exclusion of
 μoff−shell = 0

• Predicted Higgs width of 4.1 MeV is much smaller than the detector resolution

• This 4ℓ and 2ℓ 2𝜈 ZZ combination exploits the independence of off-shell cross 

section on ΓH   and relies on identical on-shell and off-shell Higgs couplings to 
determine ΓH from measurements of μoff-shell  and μon-shell 

arXiv:2304.01532

 ΓH = 4.5+3.3
−2.5 MeV

Determination of the Higgs Boson Width 

Evidence for off-
shell Higgs boson 
production!

NB: Neyman likelihood profiles shown; ~5-10% more conservative than asymptotic 6

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/


• Analysis tests the CP properties of the tau Yukawa coupling, where contributions can be present at tree level

• The CP-mixing angle φ𝜏 is reflected in tau decay kinematics


• Rejection of the CP-odd hypothesis at 3.4σ (2.1σ expected)

Measuring CP properties of Higgs boson interactions with 𝛕 leptons 

Eur. Phys. J. C 83 (2023) 563
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First ATLAS analysis to use tau decay classification!
CP-even CP-odd

SM case:  φ𝜏 = 0

 ϕτ = 9∘ ± 16∘

[0°,360°] for each category

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10/


• Measurement using 139 fb-1 of Run-2 data in the 4ℓ final state

• Based on the Effective Field Theory (EFT) approach, using the Optimal Observable (OO) to probe any 

possible CP-odd component — represents the interference term of the SM+BSM Matrix Elements

Probing the CP-odd Component with H→ZZ*→4ℓ  
arXiv:2304.09612

8Production with cZZ = ±5.0 Decay with cHB = ±1.5

• Define two types of OOs: some for production (VBF enriched) and others for 
decay (inclusive)

• An Optimal Observable for each SMEFT CP-odd Wilson coefficient that is considered  

~ ~

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/


• A neural-network training is performed to enhance the VBF purity (a total 
of four VBF signal regions are defined)


• Different types of fits are performed:

• One each for production, decay, and combined

• Unfolded distributions of the OO are also provided, for reinterpretations

Probing the CP-odd Component with H→ZZ*→4ℓ  
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Results are consistent with CP-even of the Standard Model

~

arXiv:2304.09612

Warsaw basis

Higgs basis

VBF SR4 Inclusive SR

Production fit of cZZ

 cZZ = ±2.0 overlayed~ cHB = ±1.5 overlayed

Decay fit of cHB~ ~

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/


• Measure the CP structure of H-top interaction in ttH and tH 
production using H→bb decays


• Uses lepton+jets (includes a boosted region) and di-lepton channels

• BDT is trained for event categorization 

• Two dedicated CP-sensitive variables are defined using top-

quark kinematic information (the observables)

• Boosted region uses BDT for CP-even/odd separation

Probing the CP Nature of the Higgs-top Yukawa Coupling 
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CP-even CP-odd
SM case: 𝝹’t = 1 and ⍺ = 0

arXiv:2303.05974

 α = 11∘+52∘

−73∘

Lepton+jets  
channel

Di-lepton 
channel

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/


• ATLAS measurements of Higgs boson properties have been presented: mass, width, CP


• The most precise Higgs boson mass measurement in a single channel has been obtained by combining the Run-1 (7 and 8 TeV) 
and Run-2 (13 TeV) results from H → ɣɣ decays:


• Results from the full Run-2 dataset, using the H → ZZ* → 4ℓ and H → ɣɣ decay channels, are combined with the Higgs boson 
mass measurements performed on Run-1 data.  The combined result is: 


• This currently represents the most precise measurement of the Higgs boson mass, reaching a 0.87 per mille accuracy on this 
fundamental quantity.


• The Higgs boson width is measured to be: 


• CP properties of the Higgs boson have been studied in various channels and found to be consistent with the Standard Model

• A pure CP-odd contribution is excluded for H-tau and H-top interactions

• There is still room for a CP mixture


• Analysis of Run-3 data is on-going, and we’re excited to learn even more about the Higgs boson and its properties  

Summary

 mH = 125.11 ± 0.09 (stat.) ± 0.06 (syst.) = 125.11 ± 0.11 GeV

 ΓH = 4.5+3.3
−2.5 MeV
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 mH = 125.22 ± 0.11 (stat.) ± 0.09 (syst.) = 125.22 ± 0.14 GeV



Back-up



Higgs Spin

13

Eur. Phys. J. C75 (2015) 476

https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1


Higgs mass in the 4ℓ channel
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• Pre-fit yields (between 115 and 130 GeV) and largest contributions to systematics on mH:

Compared to previous Run-2 result:

Statistical uncertainty reduced by a 
factor of 2,  

Systematic uncertainty reduced by 
~20%



• Signal-background discrimination done using a deep feed-forward neural network (DNN)

• The event-level mH resolution, 𝜎i, is estimated using a quantile regression neural network 

(QRNN) trained on signal MC events using the 𝑝T, 𝜂, and 𝜙 of the individual leptons, as 
well as the constrained four-lepton momentum and its uncertainty as inputs.

Higgs mass in the 4ℓ channel
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Higgs mass in the ɣɣ channel

16

• Background is the ɣɣ continuum (non-resonant 𝑝𝑝 → 𝛾𝛾 + n parton ( n ≥ 0))

• Sources of systematic uncertainties for the Higgs mass measurement in the ɣɣ channel 



Higgs mass in the ɣɣ channel
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• Benefits from a new auxiliary measurement (linearity fit) of the dependence of the data-to-MC electron 
energy scale corrections as a function of the electron ET


• Previous mass measurement, only eta-dependent energy scale factors were derived 

• Done by comparing the position of the peak of the invariant mass distribution of e+e− pairs from Z 

boson decays to that predicted by the simulation.   

• Possible ET-dependence of the data-to-MC energy scale correction was accounted for as a 

systematic uncertainty (arising from the various sources belonging to the ET-dependent electron 
energy scale)


• New approach exploits the larger sample of Z → e+e− decays collected in 2015–2018 to derive residual 
data-to-MC energy scale factors in bins of electron ET within broad eta regions.

• The measurement of these additional scale factors is used to constrain the ET-dependent electron 

energy scale systematic uncertainties

• The additional constraints and correlation of the systematic uncertainties from the linearity fit are 

propagated to the Higgs boson mass measurement by implementing in the likelihood function a unique 
multivariate Gaussian constraint term defined from the covariance matrix returned by the linearity fit 



Higgs mass in the ɣɣ channel
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 PreliminaryATLAS
γγ→, H-1 = 13 TeV, 140 fbs

Previous calibration
New calibration, w/o linearity
New calibration, w/ linearity

1− 0.5− 0 0.5 1 1.5 2
 [GeV]i

Hm∆

i
Hm∆ Total Unc. PreliminaryATLAS

γγ→, H-1 = 13 TeV, 140 fbs  Value    Total Unc.

C categories  (-0.26,+0.26) GeV±+0.18 

U categories  (-0.26,+0.26) GeV±-0.18 

Central-barrel  (-0.24,+0.25) GeV±-0.18 

Outer-barrel  (-0.24,+0.24) GeV±+0.03 

Endcap  (-0.47,+0.42) GeV±+0.58 

γγ

Tt
high p  (-0.27,+0.28) GeV±-0.23 

γγ

Tt
medium p  (-0.24,+0.23) GeV±+0.58 

γγ

Tt
low p  (-0.22,+0.22) GeV±-0.33 

Impact of linearity fit:

U-type events: No photon candidates after e+e- conversion  
C-type events: Events with one or two ɣ → e+e- candidates 18



Higgs Mass Combination — −2 lnΛ
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Higgs Mass Combination — Systematics 

20

• Most of the systematics have been kept uncorrelated between the 4 measurements, with 
the exception of the Z→ee scale (more details in the CONF Note: ATLAS-CONF-2023-037)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-037/


Off-Shell Higgs Production
• Observed and expected yields in the 4ℓ channel
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Off-Shell Higgs Production
• Observed and expected yields in the 2ℓ2 channel
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Off-Shell Higgs Production
• Fit results and dominant systematics
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Off-Shell Higgs Production and Width
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Measuring CP properties of Higgs boson interactions with 𝛕 leptons
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Measuring CP properties of Higgs boson interactions with 𝛕 leptons
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Wilson Coefficients
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• Taken from Valentina Cairo’s talk

https://indico.cern.ch/event/1114856/contributions/5321262/attachments/2685816/4659853/LP2023_VMMCAIRO_18July2023.pdf


Probing the CP-odd Component with H→ZZ*→4ℓ
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Probing the CP-odd Component with H→ZZ*→4ℓ
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Probing the CP-odd Component with H→ZZ*→4ℓ
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Probing the CP-odd Component with H→ZZ*→4ℓ
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Probing the CP-odd Component with H→ZZ*→4ℓ
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Probing the CP Nature of the Higgs-top Yukawa Coupling
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Probing the CP Nature of the Higgs-top Yukawa Coupling
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Probing the CP Nature of the Higgs-top Yukawa Coupling
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Probing the CP Nature of the Higgs-top Yukawa Coupling
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