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• Measurements of Higgs boson properties are one of our most promising windows into new 
physics


• Higgs mass: free parameter to be measured, and dependent on Higgs potential parameters


• Covered analyses:  (link),  (link) and their combination (link)


• Higgs width: predicted SM total width is 4.1 MeV, accessible with off-shell production


• Covered analyses:  off-shell production (link)


• Higgs CP: Sakharov conditions for a matter-dominated Universe require CP violation, and 
known SM cannot explain this asymmetry  CP violation in the Higgs sector is an enticing 
possibility


• Covered analyses:  (link),  (link), and  (link), VBF  
(link) and  (link)


• Not mentioned but in backup:  with  (link) 

H → ZZ* → 4ℓ H → γγ

H* → ZZ

→

H → WW* + 2jets H → ττ H → bb H → γγ
H → ZZ* → 4ℓ

tt̄H/tH H → γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
http://Phys.%20Rev.%20Lett.%20125%20(2020)%20061802
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• Improved muon momentum scale calibrations (link)


• Sig vs. Bkg DNN discrimination:  &  of  and 

• Per-event resolution  trained quantile-regression neural network output 


• Uses 2D likelihood to capture dependencies from , DNN and  under 
categorization of , , ,  channels

pT η 4ℓ ln( |MHZZ* |2 / |MZZ* |2 )

σi

m4ℓ σi
4μ 4e 2μ2e 2e2μ
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Higgs Mass: H → ZZ* → 4ℓ

110 120 130 140 150 160

 [GeV]4lm

0

20

40

60

80

100

120

E
ve

n
ts

 /
 2

 G
e
V

Data

Higgs boson (125 GeV)

ZZ*

tXX, VVV 

tZ+jets, t

Uncertainty

ATLAS
 4lÆ ZZ* ÆH 

-1 = 13 TeV, 139 fbs

1 1.5 2 2.5 3 3.5

 [GeV]iσ

0

10

20

30

40

50

60

70

E
ve

n
ts

 /
 0

.1
 G

e
V

Data

Higgs boson (125 GeV)

ZZ*

tXX, VVV 

tZ+jets, t

Uncertainty

ATLAS
 4lÆ ZZ* ÆH 

-1 = 13 TeV, 139 fbs
 < 130 GeV4lm115 < 

mH = 124.99 ± 0.18 (stat.) ± 0.04 (syst.) GeVRun 2:

Largest unc. on mH

Phys. Lett. B 843 (2023) 137880

https://inspirehep.net/literature/2614209
https://www.sciencedirect.com/science/article/pii/S0370269323002149?via=ihub
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Higgs Mass: H → γγ
Largest unc. on mH
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• Event selection based on cross-section measurement (link)


• New photon reconstruction with improved energy resolution and calibration 


• Signal modeling described by Double-sided Crystal-Ball with dependency on   

absorbed in mean and width


• Background modeling with fit model (Exponential, power-law or Exponentiated 2nd order 
polynomial) chosen empirically for each category based on goodness-of-fit 


• Floated normalization in 14 categories (defined by , pseudorapidity of photon pairs, 
and magnitude of pair transverse momentum) with dependency on   parametrized

mH

γconv.
mH

Phys. Lett. B 847 (2023) 138315

https://arxiv.org/abs/2207.00348
https://arxiv.org/abs/1908.00005
https://arxiv.org/abs/2309.05471
https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
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Run1 & 2 combination of Higgs Mass
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Both channels performed statistical combination with Run 1 with simultaneous fit on  mH

0.09% precision on the Higgs mass on both channels!
Source Systematic uncertainty on <� [MeV ]
4/W ⇢T-independent / ! 44 calibration 44
4/W ⇢T-dependent electron energy scale 28
� ! WW interference bias 17
4/W photon lateral shower shape 16
4/W photon conversion reconstruction 15
4/W energy resolution 11
� ! WW background modelling 10
Muon momentum scale 8
All other systematic uncertainties 7

 as in Run 1≈
 30% better≈

 3x better≈
 3x better≈
 2x better≈
 4x better≈
 20% better≈

> 5x better

Phys. Rev. Lett. 131 (2023) 251802

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
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• Higgs width is inferred by measuring  on-shell and off-shell 
signal due to the difference of cross section relation


• Include ggF and EW  signals, and their backgrounds with 
destructive interference 


• Simultaneously fit with signal strength and bkg NF in all SRs and CRs

H* → ZZ

H* → ZZ

6

Higgs Width: H* → ZZ
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• Targeting two final states with 3 
signal regions (ggF, EW, and mixed) 
in each final state:


• : SR with  GeV 
constrained with multi-class NN 


• : SR with  and lepton 
kinematics constrained with 


• Similar sensitivity in both channels

4ℓ m4ℓ > 220

2ℓ2ν Emiss
T

mZZ
T

Phys. Lett. B 846 (2023) 138223

https://authors.elsevier.com/sd/article/S0370269323005579
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• Direct measurement of off-shell signal strength


• Combined with on-shell measurement to measure  with correlated exp syst and decorrelated theory syst


• Further interpretation on the ratio of off-shell to on-shell couplings

ΓH

7

Higgs Width: H* → ZZ
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Phys. Lett. B 846 (2023) 138223

https://arxiv.org/abs/2004.03969
https://authors.elsevier.com/sd/article/S0370269323005579
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CP: H → WW* + 2jets
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 as a probeΔΦjj

•  to probe CP 
properties of Higgs-top Yukawa 
coupling through Higgs-gluon 
effective coupling (in heavy-top 
mass limit) assuming SM  
coupling


•  sensitivity limited by under-
fluctuation of signal strength

ggH + 2jets

HVV

tan(α)

tan(α) = 0.0 ± 0.4 (stat.) ± 0.3 (syst.)μggF+2jets = 0.5 ± 0.4 (stat.)+0.7
−0.6 (syst.)

Simultaneous fit with categories split by BDT and  using  as observation|ηjj | ΔΦjj

Eur. Phys. J. C 82 (2022) 622

https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1
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CP: H → WW* + 2jets
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and transversely polarized  and  bosons 

 and  assuming SM  
coupling 


• Results are consistent with the SM
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Eur. Phys. J. C 82 (2022) 622

https://link.springer.com/article/10.1140/epjc/s10052-022-10366-1
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CP: H → ττ
• Probe the CP of Higgs-tau Yukawa coupling with ggF, VBF, , and  productions


•  is constructed with combinations of  decays (  and , and  and  
multiplicity from )  Phase of  directly related to mixing angle 


• Observed  is consistent with SM, with largest impact on  comes from data statistics
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Eur. Phys. J. C 83 (2023) 563

https://link.springer.com/article/10.1140/epjc/s10052-023-11583-y
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• Strategy based on  STXS measurement


•  and  consistent with 
SM


• Limited by low signal yield and background 
modeling

tt̄H → bb

α = 11∘ +52∘

−73∘ κ′ t = 0.84+0.30
−0.46

11

CP:  with tt̄H/tH H → bb

Boosted BDT score,  and  constructed as CP-sensitive observables b2 b4

• NN for boosted Higgs, BDT to reconstruct Higgs/Top

• BDTs (w/ reco MVA as input) to classify S and B

arXiv:2303.05974 

https://arxiv.org/abs/2303.05974
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• EFT to include CP-odd operators with different EFT bases chosen 
for interpretation (Warsaw, Higgs and HISZ bases)


• Optimal Observables ( ) to probe CP-admixture in  
coupling


• Observable is symmetric for CP-even contributions  any 
asymmetry indicates CP-odd contributions

𝒪𝒪 HVV

→

12

CP: VBF  and H → γγ H → ZZ* → 4ℓ
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Phys. Rev. Lett. 131 (2023) 061802
arXiv:2304.09612

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.061802
https://arxiv.org/abs/2304.09612
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• Selecting 2 tight photons with 2 jets having 
 with BDT 


• Probing different values of  (assuming 
) or  (assuming  ) 

sensitive to CP-odd components


• Results are compatible with SM

|ηjj | > 2
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• Measurements are performed to probe the coupling strength of CP-odd operators and differential cross-
section


• Constrain  CP-odd effects from both production and decay in all 3 bases:  in HISZ, Warsaw and Higgs 
bases  Build  for each coefficients and vertices as fitted variables:  and 


• 4 VBF SRs (with NN classifying VBF, VH and ggF ) for VBF production, and 1 VBF-depleted region for  
decay (ggF dominant)

HVV d̃
→ 𝒪𝒪 𝒪𝒪ci

jj 𝒪𝒪ci
4ℓ

H → ZZ
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CP: VBF H → ZZ* → 4ℓ
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• Maximum LLH fit performed for 3 CP-odd coupling parameters in 
Warsaw and Higgs basis, and for Different CP-odd hypothesis are 
tested using morphing


• Coupling parameters are scanned individually and in 2D

15

CP: VBF H → ZZ* → 4ℓ

0

5

10

15

20

25E
ve

n
ts

50.000− 0.307− 0.065− 0.014− 0.000 0.014 0.065 0.307 50.000

d
~

4l
OO

0

1

2

3

D
a
ta

/M
C

Data ggF

VBF+VH ZZ*

,WZtZjet,t Uncertainty

 = -0.08d
~

ggF  = 0.08d
~

ggF 

ATLAS

4l→ZZ*→H
-1

 = 13 TeV, 139 fbs
Inclusive SR

0.14±Data Mean: -0.08

0.5− 0 0.5 1 1.5 2 2.5
Parameter value

γγc
~

γz
c
~

zz
c
~

d
~

W
~

H
c

BW
~

H
c

B
~

H
c

ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

SMEFT CP-odd couplings

Best Fit 95% CL

 10×

-0.0083

0.083

0.78

-0.003

0.6

-0.017

-0.078

[ -0.99, 0.93 ]

[ -0.84, 0.83 ]

[ -1.2, 1.75 ]

[ -0.026, 0.025 ]

[ -0.81, 1.54 ]

[ -0.97, 0.98 ]

[ -0.61, 0.54 ]

Expected: Stat+Sys

Observed: Stat+Sys

Observed: Stat-Only

3− 2− 1− 0 1 2 3

zzc
~

0

2

4

6

8

10

12

14)
λ

-2
ln

( Observed-Stat. only

Observed

Exp-Stat. only

Exp

ATLAS

4l→ZZ*→H
-1 = 13 TeV, 139 fbs

-value SM: 11%p

68% CL

95% CL

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

B
~

H
c

3−

2−

1−

0

1

2

3

4

5

B
W~

H
c

ATLAS

 4l→ ZZ* →H 
-1 = 13 TeV, 139 fbs

-value SM: 88%p

Obs Best Fit
Obs 68% CL.
Obs 95% CL.
Exp 68% CL.
Exp 95% CL.
SM

arXiv:2304.09612

https://arxiv.org/abs/2304.09612


Meng-Ju Tsai (UMich) LLWI: 19 Feb 2024

• Differential cross-section measurements for model-independent results sensitive to possible 
deviations from the SM 


• Fiducial cross sections measured in 3 bins in the  and 


• Probe different  with signal strength is extracted by fitting the  spectrum in each bin

|ηjj | mjj

𝒪𝒪 m4ℓ
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CP: VBF  differentialH → ZZ* → 4ℓ
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Conclusion and Outlook

LLWI: 19 Feb 2024

• Higgs mass is measured close to 0.1% level precision


• Higgs width measurements push the limits closer to SM expectation


• CP-structure of the Higgs couplings are studied in multiple final states with different coupling 
parameters


• Stronger exclusion limits on pure CP-odd Higgs and so far no sign of any significant CP-odd 
component in  or  couplings


• VBF coupling results reported in Warsaw and Higgs basis, and for easier comparisons and 
combination. First differential cross-section results for different 


• Looking forward to analyses including Run 3 data with 66 fb  on tapes so far, and two more 
years of data taking ahead of us

HVV Hff

𝒪𝒪
−1
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•  processes are directly sensitive to Higgs-top Yukawa coupling


• Two BDTs to define 20 categories, which maximizing sensitivity, in leptonic and 
hadronic channels


• Observed  with 5.2  significance 


• The 95% CL limit of 12 times of SM expectation is set for  


• CP-odd coupling of Higgs-top is constrained, with  > 43° excluded at 95% CL. 

tt̄H/tH

μtt̄H = 1.43+0.33
−0.31 (stat)+0.21

−0.15 (syst) σ

tH

|α |
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CP:  with tt̄H/tH H → γγ
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• Matrix element method calculates the matrix element 
(probability) that the event with reconstructed 
kinematics  matches the hypothesis 


• Therefore,  provides a ratio of two terms


• Matrix element for an event to be likely from Higgs 
production (signal would have larger probability)


• Matrix element for an event to be likely from ZZ 
background production (background would have 
larger probability)

⃗x α

KD(ZZ*)
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Matrix element method


