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Precision Higgs mass measurement 

in 𝑯 → 𝒁𝒁 and 𝑯 → 𝜸𝜸

• 𝐻 → 𝛾𝛾 : Phys. Lett. B 847 (2023) 138315

• 𝐻 → 𝑍𝑍∗ → 4𝑙 : Phys. Lett. B 843 (2023) 

137880

• Combination : Phys. Rev. Lett. 131 (2023) 

251802

Constraining Higgs width from off-

shell 𝑯 → 𝑽𝑽 and 𝑯 → 𝒕 ҧ𝒕

• 𝐻∗ → 𝑍𝑍 → 4𝑙 : Rep. Prog. Phys. 88 057803 

(2025)

• 𝐻∗ →𝑊𝑊→ 𝑙𝜈𝑙𝜈 : CERN-EP-2025-059

• pp → 𝑡 ҧ𝑡𝑡 ҧ𝑡 : Phys. Lett. B 861 (2025) 139277

𝒎𝑯 

- Free parameter in the SM

- Determines all other 

properties e.g. CP, branching 

ratios, 𝚪𝑯

𝚪𝑯 

- Total Higgs decay width, 

calculated ~4.07 MeV in the 

SM at measured Higgs mass

- Sensitive to BSM 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
https://iopscience.iop.org/article/10.1088/1361-6633/adcd9a
https://iopscience.iop.org/article/10.1088/1361-6633/adcd9a
https://cds.cern.ch/record/2929871
https://www.sciencedirect.com/science/article/pii/S0370269325000371?via%3Dihub


Mass: 𝑯 → 𝜸𝜸

Events must have ≥ 2 photon candidates (tight ID, 

loose isolation). 

- 105 GeV < 𝑚𝛾𝛾 < 160 GeV

- 𝑝𝑇
𝛾1 > 0.35 ×  𝑚𝛾𝛾 ⋂ 𝑝𝑇

𝛾2 > 0.25 ×  𝑚𝛾𝛾

Events split into 14 categories with higher/lower:

- Energy scale uncertainties

- 𝒎𝜸𝜸 resolution

- Signal−to−background ratio
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17% resolution improvement from splitting alone

✓

𝒑𝑻𝒕
𝜸𝜸

= |𝒑𝑻
𝜸𝜸

×  𝒕𝒉𝒓𝒖𝒔𝒕𝜸𝜸| 



Mass: 𝑯 → 𝜸𝜸

Significant improvements from new photon 

reconstruction algorithm and photon energy 

calibration using 𝑍 → 𝑒+𝑒−

Photon energy calibration : 320 MeV → 83 MeV

• Biggest impact 𝑍 → 𝑒+𝑒− electron energy linearity fit

• Constrain 𝐸𝑇-dependent electron energy scale

Background interference (1-2% shift): ± 26 MeV

      Overall x4 reduction of systematics 

         330 MeV → 90 MeV
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Mass: 𝑯 → 𝜸𝜸

Signal modeled in MC with double-sided crystal ball func.

Non-resonant 𝛾𝛾-background modelled by template fit to 

𝑚𝛾𝛾 sidebands. Systematics derived from templates of 

background MC in 3 “loose-not-tight” regions.
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Highest precision on 𝒎𝑯 in a single Higgs decay 
channel!

‰ -level precision in the Run-1+Run-2 combination 



Mass: 𝑯 → 𝒁𝒁 → 𝟒𝒍

High purity lepton quadruplet sub-channels 

(4𝜇, 2𝑒2𝜇, 2𝜇2𝑒, 4𝑒) low stat. compared to 𝑯 → 𝜸𝜸

Systematics reduced multiple ways:

• Lepton momentum calibrated from 𝐽/Ψ → 𝜇+𝜇−, and 

𝑍 → 𝑙+𝑙− events 

 x4 reduction in associated uncertainties

• Kinematic refit of leading dilepton in 𝒎𝒁

 𝟏𝟕% better 𝒎𝟒𝒍 mass resolution

• 𝒎𝟒𝒍 mass resolution enhanced by quantile regression 

neural net (QRNN)

 Reduces total 𝒎𝑯 uncertainty by 1% 

      when included in the likelihood
6

Event-level resolution 
(QRNN) 



Mass: 𝑯 → 𝒁𝒁 → 𝟒𝒍

A classification DNN trained in each sub-channel 

purifies signal from non-resonant 𝑍𝑍 backgrounds. 

Unbinned profile LH fit is performed across sub-

channels - improves sensitivity and resolution
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Higgs Boson Mass Measurements

High mass-resolution decay-channels, all Higgs 

production modes considered (ggF, VBF, VH, 

ttH, tHq, tHW, bbH)

• 𝑯 → 𝜸𝜸 

• High-statistics and sensitivity

• Sensitive to non-resonant background modeling

• 𝑯 → 𝒁𝒁 → 𝟒𝒍 (“golden channel”) 

• Lower systematic uncertainty on 𝒎𝑯

• Lower statistics final state but very high purity
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Phys. Rev. Lett. 131 (2023) 251802

Combining profile-likelihoods leads to high-precision measurement:   𝐦𝐇 = 𝟏𝟐𝟓. 𝟏𝟏 ± 𝟎. 𝟏𝟏 𝐆𝐞𝐕 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802


Higgs Width
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The Higgs (as measured from all production modes) produces a peak in data with an 

experimental resolution ~𝑶 𝟏𝟎𝟑  𝐌𝐞𝐕.

Theoretically 𝚪𝑯 ~ 𝟒. 𝟏 𝐌𝐞𝐕, far too small to measure directly from line shape.



Higgs Width (in V-boson channel)
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been shown

Breit-Wigner parametrization of the Higgs mass spectrum:  

𝒅𝝈𝒈𝒈→𝑯→𝒁𝒁

𝒅𝑴𝟒𝒍
𝟐 =

𝒈𝒈𝒈→𝑯
𝟐 𝒈𝑯→𝒁𝒁

𝟐

𝑴𝟒𝒍
𝟐 − 𝒎𝑯

𝟐 𝟐
+ 𝒎𝑯

𝟐 𝚪𝑯
𝟐

Under the narrow width approximation:          𝝈𝒈𝒈→𝑯→𝒁𝒁
𝒐𝒏−𝒔𝒉𝒆𝒍𝒍 ≈

𝒈𝒈𝒈→𝑯
𝟐 𝒈𝑯→𝒁𝒁

𝟐

𝒎𝑯
𝟐 𝚪𝑯

𝟐

In the offshell regime, it’s been shown that: 𝝈𝒈𝒈→𝑯→𝒁𝒁
𝒐𝒇𝒇−𝒔𝒉𝒆𝒍𝒍

≈
𝒈𝒈𝒈→𝑯

𝟐 𝒈𝑯→𝒁𝒁
𝟐

𝑴𝟒𝒍
𝟐

If the on-shell Higgs couplings = off-shell Higgs couplings, 

then 
𝝁𝒐𝒇𝒇−𝒔𝒉𝒆𝒍𝒍

𝝁𝒐𝒏−𝒔𝒉𝒆𝒍𝒍
∝ 𝚪𝑯  and the Higgs width is indirectly accessible.

Credit: Zef Wolffs
(model dependence)

https://link.springer.com/article/10.1007/JHEP08(2012)116
https://indico.nikhef.nl/event/6240/contributions/24208/attachments/9322/13857/ATLAS_weekly_7feb.pdf#page=16
https://indico.nikhef.nl/event/6240/contributions/24208/attachments/9322/13857/ATLAS_weekly_7feb.pdf#page=16


Width: 𝑯 → 𝒁𝒁∗ → 𝟒𝒍

Large destructive interference in the off-shell regime – 

nonlinear signal model 𝒑 𝒙 𝝁  ~ 𝝁𝑷𝑺 𝒙 + 𝑷𝑩 𝒙 + 𝝁 𝑷𝑰(𝒙)

Binned likelihood fit sub-optimal to measure all possible 

values of 𝝁𝒐𝒇𝒇−𝒔𝒉𝒆𝒍𝒍

Neural simulation-based inference (NSBI) provides a 

better estimate of the likelihood ratio (high-dim. probability 

density ratio) w.r.t a reference distribution 𝒑𝒓𝒆𝒇(𝒙)

11ggF interference VBF interference

+

+

+
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−2 ln ℒ 𝜇, 𝜃, 𝛼 = −2 ෍

𝑟
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ln
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Previous full Run-2 analysis:  Phys. Lett. B 846 (2023) 138223

See J.Sandesara’s talk from yesterday for more on NSBI

https://www.sciencedirect.com/science/article/pii/S0370269323005579?via%3Dihub
https://indico.in2p3.fr/event/33627/contributions/154601/attachments/95185/145693/NSBI_at_LHC_EPS_HEP_JaySandesara.pdf


Width: 𝑯 → 𝒁𝒁∗ → 𝟒𝒍
LLR (𝑡𝜇) is not 𝜒2 distributed – confidence intervals 

defined by pseudo-experiments in the Neyman 

construction

Combination with 𝑯 → 𝒁𝒁∗ → 𝟐𝒍𝟐𝝂 an observed 

(expected) sensitivity of 𝟑. 𝟕𝝈 (𝟐. 𝟒𝝈) is reached.

Moving to a NSBI re-analysis yields a 20% better 

precision w.r.t histogram-based analysis.
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Previous full Run-2 analysis:  Phys. Lett. B 846 (2023) 138223

𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 = 1.06 
+0.62
−0.45

1.00 
+0.83
−0.83

 

⟹  𝚪𝑯 = 𝟒. 𝟑
+𝟐. 𝟕
−𝟏. 𝟗

𝟒. 𝟏
+𝟑. 𝟓
−𝟑. 𝟒

 𝐌𝐞𝐕  

https://www.sciencedirect.com/science/article/pii/S0370269323005579?via%3Dihub


Width: 𝑯 → 𝑾𝑾∗

𝐻 → 𝑊𝑊∗ → 2𝑙2𝜈 is analysed in SF/DF channels 

and 0, 1, and 2 jet categories (ggF and VBF).

Less ggWW background interference but 

higher non-interfering  (top, qqWW, fakes) 

background contamination.
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A DNN is trained to 
separate signal and non-
interfering background to 
define signal- and control-
regions

Events in SR are binned in 
terms of an 𝑚𝑊𝑊  proxy 
variable 𝑽𝟑𝟏. 

ggF EW

𝑉31 = 0.3 ∗ 𝑚𝑙𝑙 + 𝑚𝑇



Width: 𝑯 → 𝑾𝑾∗

Off-shell 𝐻 → 𝑊𝑊∗ is constrained to

𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 < 3.4 (4.4) at 95% confidence.

𝝁𝒐𝒇𝒇−𝒔𝒉𝒆𝒍𝒍 = 𝟎. 𝟑 
+𝟎. 𝟗
−𝟎. 𝟑

(𝟏. 𝟎
+𝟐. 𝟑
−𝟏. 𝟎

)

⟹ Γ𝐻 < 13.1 17.3  𝑀𝑒𝑉 at 95% confidence

𝚪𝑯 = 𝟎. 𝟗
+𝟑. 𝟒
−𝟎. 𝟗

𝟒. 𝟏
+𝟖. 𝟑
−𝟑. 𝟖

 𝐌𝐞𝐕

First width interpretation in 𝑯 → 𝑾𝑾∗ using 

full Run-2 dataset. 

Roughly ~500% improvement over Run-1 

measurement!
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Previous Run-1 analysis: Eur. Phys. J. C 75 (2015) 335

https://link.springer.com/article/10.1140/epjc/s10052-015-3542-2


Width: 𝒕𝒕 ഥ𝒕𝒕 + 𝒕 ҧ𝒕𝑯

The recent 4-top analysis has significant contributions 

of off-shell ttH diagrams
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When combined with the recent on-shell ttH 
measurements, an interpretation of 𝚪𝑯 is possible 
without the same model assumptions as in 𝑯 → 𝑽𝑽

Best-fit value: 𝚪𝑯 = 𝟖𝟔
+𝟏𝟏𝟎
−𝟒𝟗

 𝐌𝐞𝐕 (2𝜎 away from SM)

Upper limit: 𝚪𝑯 < 𝟏𝟔𝟎 𝟓𝟓  𝐌𝐞𝐕 at 95% confidence

This result is the first interpretation of Γ𝐻 in Higgs-Top 
processes distinct from 𝑯 → 𝑽𝑽 final states

Phys. Lett. B 861 (2025) 139277

http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
http://dx.doi.org/10.1140/epjc/s10052-023-11573-0
https://www.sciencedirect.com/science/article/pii/S0370269325000371


Conclusions

How heavy is the Higgs? 

Higgs mass measured to per-mille level of precision

• 𝐻 → 𝛾𝛾 provides the highest precision measurement in a single channel

• 𝐻 → 𝑍𝑍 channel is statistically limited, improved with Run3/HL-LHC data!

How wide is the Higgs? 

Homing in on Higgs width with indirect measurements

• Re-analysis of 𝑯 → 𝒁𝒁∗ with NSBI provides 20% improved precision

• First interpretation of 𝚪𝑯 in 𝑯 → 𝑾𝑾∗, approaching the precision of 𝑯 → 𝒁𝒁∗

• 𝚪𝑯 probed in 𝑡 ҧ𝑡𝑡 ҧ𝑡 for the first time, with more to come in Run-3 and HL-LHC!

16Thank you for your attention!

Soon, we can start asking “How is the Higgs?”
Image generated by ChatGPT 4o



Backup



Mass: 𝑯 → 𝜸𝜸

Events split into 14 categories with higher/lower:

- Energy scale uncertainties

- 𝒎𝜸𝜸 resolution

- Signal−to−background ratio

Category splitting based on the di-photon system
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𝑚 ±
𝜎𝑒𝑟𝑟𝑜𝑟

𝑁𝑠𝑖𝑔𝑛𝑎𝑙

𝒑𝑻𝒕
𝜸𝜸

= |𝒑𝑻
𝜸𝜸

× ො𝒕| where ො𝒕 =
𝒑𝑻

𝜸𝟏−𝒑𝑻

𝜸𝟐

|𝒑𝑻

𝜸𝟏−𝒑𝑻

𝜸𝟐|

Low pT: 𝑝𝑇𝑡
𝛾𝛾

 < 70 GeV 

Medium pT: 70 < 𝑝𝑇𝑡
𝛾𝛾

 < 130 GeV

High pT: 𝑝𝑇𝑡
𝛾𝛾

 > 130 GeV

Central: 𝜂 < 0.8

Outer-barrel: 𝜂 < 1.37, at least 
one with 𝜂 > 0.8

End-cap: at least one with 
1.52 ≤ 𝜂 < 2.37

Width w/ 90% of signal



Mass: 𝑯 → 𝜸𝜸
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Significant improvements from new photon 

reconstruction algorithm and photon energy 

calibration using large 𝑍 → 𝑒+𝑒− data set

Photon energy calibration : 320 MeV → 83 MeV

• 𝑍 → 𝑒+𝑒− electron energy linearity fit

• Constrain electron 𝐸𝑇-dependent energy scale

Reduction in photon energy scale 
uncertainty from with 𝑬𝑻-dependent 

linearity fit across all analysis regions



Mass: 𝑯 → 𝒁𝒁 → 𝟒𝒍

Non-resonant 𝑍𝑍 backgrounds separated from signal 

by a classification DNN, trained with 𝒑𝑻
𝟒𝒍, 𝜼𝟒𝒍, and a 

matrix-element discriminant:   𝑫𝒁𝒁 = 𝐥𝐧
𝓜𝒔𝒊𝒈

𝟐

𝓜𝒃𝒌𝒈
𝟐
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Width: 𝑯 → 𝒁𝒁∗

Neural simulation-based inference (NSBI) model is trained in SR
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Ensembles of fully connected NNs are trained w/ 10-fold cross-validation (80:20 training split per fold)
~10-70 ensembles are trained to estimate probability density ratios w.r.t. a reference PDF.

𝒑𝒓𝒆𝒇 𝒙 ~𝒑𝑺(𝒙) (signal model) is chosen to ensure numerical stability of the model in the SR.

Method of NSBI is analogous to the matrix-element method (MEM)



Width: 𝑯 → 𝒁𝒁∗

The NSBI method directly 

estimates the probability 

density ratio on a per-event 

basis.

Comparing the NSBI 

prediction directly with a 

binned likelihood estimate 

of the same, a calibration 

curve can show it is an 

unbiased estimator.
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Interference dominated 
off-shell signal model

Signal dominated off-shell 
signal model



Width: 𝑯 → 𝒁𝒁∗

The interference in the signal region 

generates double-minima in the likelihood 

function.

This degeneracy can be lifted within the NSBI 

prescription, as a multi-dimensional phase-

space is used in estimating the probability 

density ratio.

In 𝐻 → 𝑍𝑍∗, toy models are used to generate 

the precise confidence intervals using the 

Neyman construction.
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Width: 𝑯 → 𝑾𝑾∗

The 𝑉31 mass-proxy variable relates the lepton pair 

transverse-momenta, invariant mass, and 

transverse mass

𝑉𝑥𝑦 = 𝑥 𝑚𝑙𝑙 + 𝑦 𝑚𝑇

where 𝑚𝑇 = 𝐸𝑇
𝑙𝑙 − 𝐸𝑇

𝑚𝑖𝑠𝑠 2
− | ห𝑝𝑇

𝑙𝑙 − 𝐸𝑇
𝑚𝑖𝑠𝑠 2

 

and 𝐸𝑇
𝑙𝑙 = | ห𝑝𝑇

𝑙𝑙 2
− 𝑚𝑙𝑙

2

The 𝑉31 variable has x=0.3, y=1.0, tuned to give the 

best proxy of the true 𝑚𝑊𝑊  (smallest bias with 

highest correlation to 𝑚𝑊𝑊)
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