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Higgs boson decay width: motivation

• Higgs boson width (ΓH) predicted by SM as a function of mH

• Sum of partial widths for all (on-shell) decays

• ΓH measurements constrain invisible+undetected Higgs decays
• Important test of Higgs sector in the SM

• ΓH  unconstrained in H production rates from on-shell decays

• A “flat direction” is present in the k-framework: 𝜎 = 𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐𝑎𝑦

2 /Γ𝐻

• Possible to rescale couplings + total width keeping rates unchanged

• Dedicated measurements needed
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Measurements techniques: outline

1. Mass resolution of order 1 GeV in four-leptons and γγ
• Limited precision for the direct lineshape measurement

2. Most precise results with off-shell techniques in ZZ and WW
• Using the comparison between on-shell/off-shell production rates

3. Recent constraint by ATLAS using four top production

4. New technique by CMS with signal-bkg interference in γγ
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Direct measurement at CMS

• Fit lineshape with a Double Crystal Ball 
convoluted with a Breit-Wigner (explicit  
ΓH dependence)

• Precision limited by resolution O(1) GeV

• Observed (expected) upper limit on ΓH :
• ΓH  < 330 (640) MeV at 95% CL

• Pro: completely model independent 

• Con: poor sensitivity to SM width
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Off-shell cross-section

• Differential production cross section: 
𝑑𝜎

𝑑𝑠
=

𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐𝑎𝑦

2

𝑠−𝑚𝐻
2 2

+𝑚𝐻
2 Γ𝐻

2

• On-shell (s ≈ 𝑚𝐻
2 ): σ ∝

𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐𝑎𝑦

2

Γ𝐻

• Off-shell (s ≫ 𝑚𝐻
2 ), σ ∝  𝑔𝑝𝑟𝑜𝑑

2 𝑔𝑑𝑒𝑐𝑎𝑦
2 independent on Γ𝐻

• Defining 𝜇𝑜𝑛−𝑠ℎ𝑒𝑙𝑙 and 𝜇𝑜ff−𝑠ℎ𝑒𝑙𝑙 as measured rate / SM value
• 𝜇𝑜ff−𝑠ℎ𝑒𝑙𝑙 /𝜇𝑜𝑛−𝑠ℎ𝑒𝑙𝑙 ∝ Γ𝐻
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Off-shell H → ZZ

• First evidence for off-shell production in 2021:

• CMS-HIG-21-013

• Small signal, visible due to enhanced cross-
section from Z bosons in decay and top quarks 
in the loop going on-shell

• Gluon-gluon signal and background interfering
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Interfering bkg
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Off-shell H → ZZ model
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ATL-COM-PHYS-2024-930-2

Events features

Off-shell signal strength:
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Off-shell H→ZZ in four leptons at CMS

• Three kinematical discriminants built from matrix-
elements to tag VBF, WH, ZH

• Events separated in VBF-Tagged, VH-Tagged and 
Untagged categories

• Two additional kinematical discriminants:
• Dbkg built to distinguish signal from background

• Dbsi built to distinguish interference from background

• 3D-binned fit with there observables:
• M4l, Dbkg, Dbsi

10th April 2026 Measuring the Higgs boson width at LHC – R. Gargiulo – SM@LHC - Turin 7

PRD 111 (2025) 092014

http://dx.doi.org/10.1103/PhysRevD.111.092014


Off-shell H→ZZ in 2l2v at CMS

• 2l2ν not used on-shell because only 𝑝𝑇
𝑚𝑖𝑠𝑠 is measured → 𝑚2𝑙2𝑣 not precise

• In off-shell production, Z bosons are on-shell

• 𝑚𝑇
𝑍𝑍 (using only 𝑝𝑇

𝑚𝑖𝑠𝑠) is sufficient to observe the final states (no peak at mH )
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• Fit performed with 2 or 3 observables:

• 𝑚𝑇
𝑍𝑍

• 𝑝𝑇
𝑚𝑖𝑠𝑠, to reject Z+jets bkg

• a kinematical VBF-tagger
• (only when Njets ≥ 2) 

Nat. Phys. 18 (2022) 1329
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Combined off-shell H→ZZ at CMS
• First measurement with 50% precision on the width: Γ𝐻= 3.0−1.5

2.0  MeV (Exp. 4.1 ± 4.0 MeV)

• Off-shell rate evaluated for both ggF (fermion coupling) and EW (boson coupling) Higgs 
production modes using different categories

• 𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 = 0 excluded at > 3σ → Evidence for off-shell production
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First off-shell H → ZZ in ATLAS

• Measurement 
performed in 4l and 2l2v 
channels

• Fitting discriminant from 
classifiers for signal vs 
interf./non-interf. bkg 

• Updated with NSBI
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(Phys. Lett. B 846 (2023) 138223)

• Updated recently with neural 

simulation-based inference (NSBI)

• Next slides



Off-shell H → ZZ in ATLAS: NSBI
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ATL-COM-PHYS-2024-930-2• Single S/B discriminant often optimal for LHC analysis

• Signal vs. background → OK

• Not optimal if the parametrization is non-linear

• Histograms do not simply scale linearly with μ
• This happens for the interference in H→ZZ

• Flat region with traditional methods in test stat.

• Losses can be mitigated with approximations to 

optimal observables by increasing the dimensionality 

of histograms, and by reducing the bin width (CMS)

• ATLAS: neural-simulation based inference (NSBI)!



Neural-based simulation inference
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• Built a test statistic function with:

• Poissonian likelihood for the total 

number of observed events in 

categories

• Unbinned likelihood ratio using 

the event probabilities p(x|𝜇)
• Nuisance constraints part

• p(x|𝜇) is the sum over processes of 

neural network discriminants



Combined off-shell ZZ in ATLAS

• Combined with 2l2v, and with on-shell H→4l to extract the width

• Observed (expected) value: = 4.3−1.9
+2.7(4.1−3.4

+3.5) MeV
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H→WW off-shell

• Similar to the H→ZZ off-shell 2l2v 
measurement

• Gluon-gluon fusion + VBF signal (+ 
interfering backgrounds)

• Main background: tt̅ (→ WWbb̅) 
production (non-interfering)

• Measured by both CMS & ATLAS
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CMS fully leptonic H→WW

• S/B/S+I modelling for H→WW→2l2v to measure off-shell rate

• Categorizing based first on jet number and DNNs in a second step
• Separating off/on-shell ggF/VBF, tt̅ and non-resonant WW 

• Fitting DNN score in on-shell/off-shell categories as observable

• Obs: Γ𝐻= 3.9−2.2
+2.7MeV (Exp. 4.1−3.8

+11.2 MeV)
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CMS-HIG-24-011
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ATLAS  H→WW

• Categorization similar to CMS analysis (jet multiplicity + DNNs)

• Fitting 𝑉31 = 0.3 ⋅ 𝑚𝑙𝑙 + 1 ⋅ 𝑚𝑇 as observable, as a proxy for mW

• Observed (expected) upper limit on Γ𝐻: 13.1 (17.3) MeV

10th April 2026 Measuring the Higgs boson width at LHC – R. Gargiulo – SM@LHC - Turin 16

Phys. Lett. B 870 (2025) 139898

https://www.sciencedirect.com/science/article/pii/S0370269325006574
https://www.sciencedirect.com/science/article/pii/S0370269325006574
https://www.sciencedirect.com/science/article/pii/S0370269325006574
https://www.sciencedirect.com/science/article/pii/S0370269325006574
https://www.sciencedirect.com/science/article/pii/S0370269325006574
https://www.sciencedirect.com/science/article/pii/S0370269325006574


ATLAS four top measurement

• Measurement of:
• On-shell Higgs production

• 4 top production (mediated by off-shell Higgs)

• Extracting top coupling and Γ𝐻 (from off-shell)

• 2D constraints in kt vs Γ𝐻 plane, assuming kt 
is the same for on-shell and off-shell

• 1D constraint: limit Γ𝐻 < 450 MeV (expected 75)

• Obs./exp. difference driven by σ(4 top) 
measurement that is 1.8σ over the SM value 

• If only SM particles assumed in ggF production, 
H→γγ and H→Zγ production, limit becomes 160 
MeV (exp. 55 MeV)
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CMS diphoton on-shell technique

• A different technique, purely on-shell, is possible for H → γγ
• Proposed in th. papers: Martin (PRD, 2012) & Dixon, Li (PRL, 2013)

• Interference between bkg 𝑔𝑔
box

𝛾𝛾 (𝐴𝐵) and signal gg → H → γγ (AS )

• Signal: 𝐴𝑆
2 = 𝑐𝑔𝛾

2 /Γ𝐻𝑆 ∝ 𝜇𝑆, Interference: 2𝑅𝑒 𝐴𝑆𝐴𝐵
∗ = 𝑐𝑔𝛾𝐼 = 𝜇Γ𝐻/Γ𝐻

𝑆𝑀𝐼
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Interference modelling

• Interference is negative in a large range

• Using the S+I shape to extract the interference ∝ 𝜇Γ𝐻/Γ𝐻
𝑆𝑀
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CMS diphoton results

• Fitting 𝑚𝛾𝛾 spectrum in categories based on diphoton pT / BDT score

• Fitting using analytical functions (DCBs) + background from data sidebands

• Feldman-Cousins obs. (exp.) limit: Γ𝐻 < 92 (140) MeV, best measurement purely on-shell
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CMS-PAS-HIG-25-004
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Summary

• Limited precision for the direct lineshape measurement
• CMS with Run2 data: ΓH  < 330 (640) MeV at 95% CL obs. (exp.)

• Most precise results with off-shell techniques in ZZ and WW
• CMS with Run2 data (ZZ): Γ𝐻= 3.0−1.5

2.0  MeV (Exp. 4.1 ± 4.0 MeV)

• ATLAS with Run2 data (ZZ): Γ𝐻= 4.3−1.9
+2.7MeV (Exp. 4.1−3.4

+3.5 MeV)
• CMS with Run2 data (WW): Γ𝐻= 3.9−2.2

+2.7MeV (Exp. 4.1−3.8
+11.2 MeV)

• ATLAS with Run2 data (WW): Γ𝐻= 0.9−0.9
+3.4MeV (Exp. 4.1−3.8

+8.3 MeV)

• Recent constraint by ATLAS using four top production
• Γ𝐻 < 450 MeV (Exp. 75 MeV)

• New technique by CMS with signal-bkg interference in γγ
• Γ𝐻 < 92 MeV (Exp. 140 MeV), purely on-shell
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Backup [diphoton int. XS]

• Looking at: LHCHWG-2026-003 draft
• Appeared after CMS preliminary result

• At 13 TeV NNLO total XS 70% higher than NLO

• Applying same cuts at Buccioni et al:

• XS of sample used in the analysis: -0.52fb with 7% QCDscale
error from SHERPA 2.2 at NLO with Catani-Seymour PS

• Applied a sqrt(1.4)≈1.2 k-Factor for signal amplitudes (minnlo / NLO-
SHERPA) → -0.63 fb

• Not possible to apply these results in the analysis (custom 
private generator employed, and no diff. distributions public)

• The analysis results is a limit: we now know that it is 
conservative (we employed a 70% smaller XS w.r.t. NNLO)
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