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Introduction 

2

: Predicted by theory once  is givenmH

Experimental measurement for Higgs mass and width is important

Higgs mass 
mH

Higgs production rates

However it’s
NOT predicted by theory

Higgs width ΓH

Higgs decay branching ratios

Fundamental parameter 
in Standard Model

Electroweak vacuum stability

SM internal consistency 

 Deviation from predicted value will indicate new physics
Such as the composite Higgs model and Higgs invisible decay 

into light dark matter

→
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Higgs Mass Measurement
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Golden channels on LHC:  and 
Due to model independence and good resolution

H → γγ H → ZZ * → 4l

Benefit from the new linearity fit method 
for  energy scale calibration!e/γ

  GeVmH = 125.17 ± 0.11(stat.) ± 0.09 (syst.)  GeVmH = 124.99 ± 0.18(stat.) ± 0.04(syst.)

Statistical dominant

Run2 , Phys. Lett. B 847 (2023) 138315H → γγ Run2 , Phys. Lett. B 843 (2023) 137880H → ZZ * → 4l

https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
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Combined measurement for mH
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• Combine 4 Input measurements: (Run1, Run2) ( , )× H → γγ H → ZZ* → 4l

• Signal yield normalization float independently among categories and channels in 
order to reduce model dependence

Float parameters

Run1 Higgs mass, 1 global signal 
strength for all production modes

Higgs mass, 2 signal strengths for 
ggF+ttH and VBF+VH production

Run2 Higgs mass, 4 signal strengths for 
different categories

Higgs mass, 14 signal strengths for 
different categories

H → γγH → ZZ* → 4l
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Higgs Mass Results
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• By combining all 4 individual analysis:
 GeV

 0.09% precision: The most precise result up to date!
• Good compatibility of 4 input measurements: p-value = 18%

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

Phys. Rev. Lett. 131 (2023) 251802

Systematic uncertainty decomposition 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
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Higgs Width Measurement
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Higgs width from 
 channel 

95% CL upper limt: 
10.2 MeV

H → ZZ
On-shell Off-shell

Kappa modifier: κi =
gi

gi,SM

Depend on 
Higgs width

Not depend on 
Higgs width

i

i

gi

• Combining on- and off-shell measurements allows 
us to measure  and Higgs width simultaneously
• Previously done by ATLAS and CMS with 

H→ZZ* and H*→ZZ 
•  done in Run1

κ

H → WW

https://www.sciencedirect.com/science/article/pii/S0370269323005579
https://www.nature.com/articles/s41567-022-01682-0
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ΓH from κt with Four-Top and On-Shell Higgs
• Different from the existing analysis, we rely on 

tree-level Higgs-Top Yukawa coupling 
• Unlike the current  or  

analysis, it’s not affected by the presence of 
unknown colored particles

• On-shell measurement has constraint from  
production

H → ZZ H → WW

tt̄H

7

Pure H contribution is quartic, interference is quadratic

Inclusive normalized cross-section 
parameterized into :κt

Q.-H. Cao, S.-L. Chen, Y. Liu, R.Zhang and Y. Zhang, 
Phys. Rev. D 99 (2019) 113003

• Four-top cross-section depends on  due to 
off-shell Higgs contribution

κt

Higgs-top 
vertex

μtt̄tt̄ = 1.04 − 0.16κ2
t + 0.12κ4

t

https://doi.org/10.1103/PhysRevD.99.113003
https://doi.org/10.1103/PhysRevD.99.113003
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Off-shell part: Four-Top Overview
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• Target at Multi-lepton final state 
• Use Graph Neuron Network to separate 

signal and background processes

First observation with 6  significance!σ

Interpreted into  measurement:κt

95% CL upper limt: 2.3

 Eur. Phys. J. C 83 (2023) 496

https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
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On-shell part: Higgs Coupling Combination Overview

• Covering all major Higgs production and decay modes at LHC. Nature 607 52 (2022)

9

• To combine with four-top measurement, Multi-lepton channel is removed 
from the on-shell part due to non-trivial overlap between them

tt̄H →

Loop-induced,
BSM particles 
can enter the 

loops

https://www.nature.com/articles/s41586-022-04893-w
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Observed Expected
95% CL upper limit [MeV] 445 75

Tension with SM: 2.0 σ

Upper limit on ΓH
Submitted to PLB

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-22/
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Impact of systematic uncertainties
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Summary 
• Higgs Boson mass is measured from a combination of LHC Run1 and Run2 data in 

 and  channels in ATLAS experiment:  
GeV, which is the most precise measurement up to date

• A first measurement on Higgs Boson width based on tree-level Higgs-top Yukawa coupling 
is performed. The observed (expected) 95% CL upper limit for  is 445 (75) MeV

• Outlook:
‣ Higgs mass: LHC combination to provide input for future Higgs analysis

‣ Higgs width:

• Improvement of four-top measurement during Run3 and High-Lumi LHC

• Add  measurement to constrain off-shell 

• Design Multi-lepton to be orthogonal with four-top and constrain on-shell 

H → γγ H → ZZ * → 4l mH = 125.11 ± 0.11

ΓH

tt̄ κt

tt̄H → κt

12



Yangfan Zhang (USTC) 15 August, 2024

Back up

13
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ATLAS experiment
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• Large Hadron Collider (LHC)
• The largest and highest energy particle 

collider in the world
• Proton beams collide at center-of-mass 

energy up to 13.6 TeV
 Suitable to study Higgs boson physics→

• A Toroidal LHC Apparatus (ATLAS)
• Largest particle detector in the 

world
• Inner solenoid + outer toroidal 

magnetic field
• Various sub-detectors to measure 

and reconstruct particle information
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Linearity fit
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: energy scale factor from standard calibration
: extra factor for  dependent energy scale calibration 

α
α′ ET
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Systematic uncertainty correlation scheme
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•  Run1+Run2: Correlate some NPs for energy scale, resolution and 
theoretical uncertainties
H → γγ
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Measurement Scenarios

• Generic Kappa - Primary result. 
Couplings generated by loops are 
parameterized independently of the 
tree-level couplings.

- Minimal model dependence in the treatment of 
the loop couplings.

• Resolved Kappa - Secondary result. 
Loop level couplings are 
parameterized in terms of the tree 
level coupling modifiers.

- Increased sensitivity from resolving the H→ɣɣ 
and gg→H loops.

17



Yangfan Zhang (USTC) 15 August, 2024

Higgs Combination Without ttH(ML)

• We remove the ttH(ML) input from the 
Higgs combination due to non-trivial 
overlap with the tttt measurement

- The same sign lepton signature used to measure four tops enters 5 
of the 7 signal regions of the ttH(ML) analysis, including the 
sensitive 2LSS and 3L channels

• The measurement of κt is slightly 
affected

18
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Relative weight of ttHyy and ttHbb

19
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 fixed at 1κt

20
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Systematics Correlation - Theoretical
• Processes playing a major role in multiple input channels have correlated theoretical systematic uncertainties

• ttH, tttt, and ttZ are affected, details in backup 

• The nominal and alternate ttW samples are different between the inputs, so we don’t correlate the systematics

- ttH(bb) uses MadGraph as nominal, Sherpa as alternate. Four-top uses Sherpa as nominal, FxFx as alternate 

• The cross-section and PDF uncertainties do not have the same values, but the impact is expected to be small

22
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• Theoretical:
• Shared uncertainties of  and  processes are correlated

• Luminosity:
• Assigned extra uncertainty to cover the luminosity difference in different 

calibration schemes
• Split the total uncertainty into 4 components to correlate different datasets

tt̄H, tt̄tt̄ tt̄Z

• Other experimental:
• Correlate the shared uncertainties for jet, pileup reweighting, missing , , 

lepton and so on
ET e/γ

Systematic Uncertainty Correlation
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Treatment of ttH in four-top

• Four-top measurement has ttH as background

• We leave the normalization of the ttH process floating in the four-top workspace because the 
decay modes are not separated

• A full parameterization would have a <2% impact on the expected limit

• Learn from ttH(ML) analysis: mostly WW and  decay

• Studied by assuming either 100% WW or 100%  decay

ττ

ττ

24

• Also tested on observed data: 6% impact on the upper limit
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Treatment of four-top in ttHbb
• ttHbb measurement has four-top as background

• We leave the normalization of the four-top process fixed to the SM with a 50% cross-section uncertainty 
in the ttH(bb) workspace

• Four-top is a small background and the impact of changing the parameterization is negligible.

● Studied by the inclusive parameterization for four-top cross-section in ttHbb

● correlate  with four-top analysis

● Caveat: four-top analysis used bin-by-bin parameterization instead of the inclusive one

κt

25
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Understand the observed best-fit value

• Fit on observed data gives  as 
best-fit

• Other POIs are also pulled away from 1

●  mostly pulled by four-top measurement

●  and other  pulled via on-shell relationship

ΓH /ΓSM
H = 21

κt

RΓ κ

26
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Detailed systematic impact study

27
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• ggF,  and  loops contain the 
contribution from top-quark 

• Can resolved them into couplings with SM 
particles 

   95% CL upper limit decreases from 445 
MeV to 157 MeV after resolving the loops 

• Improvement due to stronger assumptions

H → γγ H → Zγ

→

Further resolve the loops

The 2-dim contour’s shape 
shrinks in  direction after 
resolving the loops 

 ggF and  loops 
introduce extra constraint on 

κt

→ H → γγ

κt
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Results after resolving the loops


