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Experimental duty: 
Probe the the SM Higgs boson Lagrangian but also search 

for new physics



ATLAS and LHC operation
 of good quality pp collisions at 13 TeV 

• Average pile-up: 33.7 interactions/BX

139 fb−1
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Higgs mass measurements
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Higgs boson mass

• Fundamental parameter 
‣ Higgs couplings calculations 
‣ Precision global fit of the Standard 

Model 

• ATLAS  
‣ Run I combination: 0.33% precision 
‣ Run 1+ partial Run 2 analysis: 0.23% 

precision
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Phys. Lett. B 784 (2018) 345  



 new measurement H → ZZ* → 4ℓ 139 fb−1

• Improvements 

‣  momentum scale precision down to 0.05% 

‣  momentum resolution precision down to 0.1% 

‣ ML discriminant,  resolution estimated per-event (quantile 
regression NN)

μ

μ

m4ℓ
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arXiv:2207.00320 

 
‣ 0.15% accuracy!

mH = 124.99 ± 0.18 (stat.) ± 0.04 (syst.) GeV

• Combined profile likelihood fit of  and 

 
•

m4ℓ

DNN

http://www.apple.com/uk


 Run 1 and Run 2 CombinationH → ZZ* → 4ℓ

•  
‣ 0.14% accuracy (limited by statistics)

mH = 124.94 ± 0.17 (stat.) ± 0.03 (syst.) GeV
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Higgs couplings to bosons & 
fermions

ℒSM = DμH†DμH − (yijHψ̄iψj + h . c.) + μ2H†H −
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Higgs boson 
couplings 
combination

Long list of channels 

used

https://www.nature.com/articles/s41586-022-04893-w
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Higgs boson 
couplings 
combination

Direct measurement 

of  σ × BR

Good agreement with SM expectations (p-value 72%) 

Improved precision: 

‣ Cross section: 7-12% 

‣ Branching fractions:10-12% 
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K-framework 

Best ATLAS limits in the 

BR to invisible modes 

‣  @ 95% CL  

‣ (expected 0.08)

Binv. < 0.13

Higgs 
Couplings 
Combination
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Cross section in 
different 
kinematic 
regions

Proving larger 

kinematic region at 

high pT! 

Combined p-value:  

‣ 94%
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Higgs Rare Decays
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Second generation: H → cc̄
• Rate could be enhanced by BSM physics 
• Extremely challenging: huge backgrounds 

• 3 different channels: , , WH → ℓνcc̄ ZH → ℓℓcc̄ ZH → ννcc̄

19

Eur. Phys. J. C 82 (2022) 717

• Observed (expected) 95% CL limit: 

 

•  observed (expected) 
significance 3.8 (4.6)σ  

•  observed (expected) 
significance 2.6 (2.2)σ 

26 (31+12
−8 )

V W(cq)

VZ(cc̄)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-12/


 and  vertices Hcc̄ Hbb̄
•  Rare decays sensitive to Hcc or Hbb vertex 

‣ Direct and indirect contributions 

•  Could be enhanced due to BSM physics 
•  No signal observed →imposed limits on BR

20

BR (H➝J/𝛹𝛾) ~3×10-6

BR (H➝𝛶𝛾) ~9×10-8



Second generation: H → μ+μ−

• Very small BR and large backgrounds 
• Dedicated BDTs trained for different production modes (20 

categories) 
• Using muon and jet kinematics 

• Simultaneous fit to in all categories 

• Signal strength: 

•  

• Observed (expected) significance: 2σ (1.7σ). 
• Upper limit: 

•

mμμ

μ = 1.2 ± 0.6 (stat.)+0.2
−0.1 (syst.)

BR(H → μμ) < 4.7 × 10−4 = 2.2 × SM

21

Phys. Lett. B 812 (2021) 135980

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/


H → Zγ
• Ratio  

sensitive to new physics (composite Higgs, SUSY, …) 
• Improved lepton/photon identification 

• Constrained kinematic fit  improves 
invariant mass resolution by 10-14%  

• 6 exclusive events categories depending on lepton 
flavour and event kinematics 

• BDT to separate VBF events 

• Combined fit for all event categories to 

BR(H → Zγ)/BR(H → γγ) = 0.69 ± 0.04

Z → ℓℓ

mZγ
μ = 2.0 ± 0.9 (stat.)+0.4

−0.3 (syst.) = 2.0+1.0
−0.9

Obs (expect) significance: 2.2𝜎 (1.2𝜎) 22

Phys. Lett. B 809 (2020) 135754

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/


H → γ*γ → ℓℓγ

23

mℓℓ < 30 GeV• Sensitive to CP violation in the Higgs sector 

• Dedicated trigger and reconstruction techniques for low  
lepton pairs 

• 9 event categories with different S/B 
• First evidence observed:

pT

Obs(exp): 3.2𝜎 (2.1𝜎)

Phys. Lett. B 819 (2021) 136412

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/
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Search for exotic & LFV decays 



Exotic decays

• Limits in cross section/BR as a function of 
25

H → bb̄ + Emiss
T

H → aa → bbμμ

Phys. Rev. D 105 (2022) 012006

JHEP 01 (2022) 063

• 3.3σ  (1.7σ) local (global)  excess observed at 

 ma = 52 GeV

• Intermediate pseudo-scalars

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-07/


Exotic decays

26

H → ZdZd → 4ℓ H → ZZd → 4ℓ

HDBS-2018-55 

 = dark photon 
S = dark Higgs boson
Zd

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-55/


Lepton flavour violating Higgs decays searches

• Limits on the Yukawa couplings

27

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58/
https://arxiv.org/pdf/1907.06131.pdf


Searches for Higgs decaying to invisible particles

• VBF channel

28

• ZH associated production searches 
• Interpretations for different modelsarXiv:2202.07953

Phys. Lett. B 829 (2022) 137066
95% CL limits on :BR(H → inv)

Limit as a function of 
the mediator mass

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-26/
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Di-Higgs production

ℒSM = DμH†DμH − (yijHψ̄iψj + h . c.) + μ2H†H −
λ
2

(H†H )2

Bosons Fermions Higgs potential

(m2
WWμ+W−

μ +
1
2

m2
Z Zμ0Z0

μ)(1 +
h
v

)2 −∑
f

mf f̄ f (1 +
h
v

) 1
2

m2
h h2 + λ3vh3 +

1
4

λ4h4



Higgs self coupling

• Determine the shape of the Higgs potential  
• Di-Higgs production

30
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σSM
ggF(pp → HH ) = 31.05 +1.9

−7.1 f b

σSM
VBF(pp → HH ) = 1.72 ± 0.4 f b



ATLAS HH combination

31

ATLAS-CONF-2022-050

• Using                                        bb̄bb̄, bb̄γγ, bb̄ττ

• 95% CL observed (expected) upper limit on HH 
production: 

• Using VBF channel extracted 95% CL limits on :k2V

μHH =
σHH

ggF+VBF

σHH
ggF+VBF |SM

= 2.4 (2.9)

0.1 < k2V < 2.0

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


Higgs self-coupling

• Single Higgs production affected by  via NLO EW correctionskλ

32



ATLAS HH+H combination

33

ATLAS-CONF-2022-050

• Using  and single Higgs measurementsbb̄bb̄, bb̄γγ, bb̄ττ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


ATLAS HH+H combination

34

ATLAS-CONF-2022-050

95% CL observed (expected) limits 
• Assuming all other SM 

couplings:

• No assumptions in other couplings

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
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CP Structure of Higgs Couplings
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Searching for CP Violation in the Higgs sector

• Barion asymmetry of the Universe: still a mystery 
• Combined results demonstrated H to be mainly CP-even scalar  

‣ There is still room for CP violation in the Higgs couplings 

• Extend SM Lagrangian 
• Effects: 

‣ Rates: don’t allow to separate CP-even/odd 
‣ Identify CP-odd observables 

- Angular variables 

- Optimal observables

36

ℒ = ℒSM + ∑
i

C(d)
i

Λd−4
𝒪(d)

i

σ ∼ |ℳSM + ℳCP−odd |2 =

|ℳCP−odd |2= |ℳSM |2 +

OO =
2Re(ℳ*SMℳCP−odd)

|ℳSM |2

+2Re(ℳ*SMℳCP−odd)



Vector Boson Fusion H → γγ
• VVH coupling 

• Combination with  ( , OO) 
• Results compatible with SM 

‣ Most stringent limits in HVV CP-violating couplings

H → ττ 36.1 fb−1

37

First time

arXiv:2208.02338

HIGZ basis

Warsaw basis

https://arxiv.org/abs/2208.02338


• Probe Yukawa coupling  
‣ CP-odd contribution can be present at tree level 

• Parametrisation 

‣ CP mixing angle  reflected in the directions of the decay 
products 

• Signed acoplanarity  

• Several analysis regions per channel

Hττ

ϕτ

φ*CP

CP in  couplingH → ττ

38

ATLAS-CONF-2022-032

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/


CP in  couplingH → ττ
• Disfavour pure CP-odd signal at  

‣ Results statistically limited

3.4σ

39

ATLAS-CONF-2022-032

• Expected:  

• Observed: 

ϕτ = 0 ± 28∘

ϕτ = 9 ± 16∘

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/


Spin/CP in associated  production ( )tt̄H/tH H → γγ

• Semileptonic and hadronic channels 
• Event categories based on background rejection BDT  and CP BDT 

trained to separate CP-even/CP-odd components 
• Simultaneous fit to all event categories

40

Phys. Rev. Lett. 125 (2020) 061802

• Measured ttH rate: 

 

•  @95% CL 

•  excluded at   
observed (expected)

μ = 1.43+0.33
−0.31(stat.)+0.21

−0.15(sys.)
|α | < 43∘

α = 90∘ 3.9σ (2.5σ)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/


Spin/CP in associated  production ( )tt̄H/tH H → bb̄
• Signal regions defined based on jet multiplicity, b-tagging conditions, number of boosted top candidates 

‣ Reconstruction and background rejection BDTs trained per region 

• CP observables 

• Results: 
‣ Assuming SM BR: 

‣ Data disfavours pure CP-odd at 1.2𝜎

41

ATLAS-CONF-2022-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/


Conclusions

•  The Higgs boson provides an optimal ground to probe the SM predictions and 
search for new physics 

• Outstanding performance of the LHC and the ATLAS detectors allows for an 
extensive Higgs Physics programme 

• Selected recent results on the measurement of the Higgs couplings were 
presented 
‣ Increased precision and refined Run-2 data analysis 
‣ Overall agreement with the SM prediction

42
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Backup



 new measurement H → ZZ* → 4ℓ 139 fb−1

• Run 2 measurement,   

• Improvements 

‣  momentum scale precision down to 0.05% 

‣  momentum resolution precision down to 0.1% 

‣ ML discriminant to separate signal/background 

-  of the four leptons, kinematic discriminant 

(  

‣  resolution estimated per-event (quantile 
regression NN)

139 fb−1

μ

μ

pT, η
ln( |ℳHZZ* |2 / |ℳZZ* |2 )

m4ℓ

45

arXiv:2207.00320 

http://www.apple.com/uk


 new measurement H → ZZ* → 4ℓ 139 fb−1

• Combined profile likelihood fit of  and  

•  
‣ 0.15% accuracy!

m4ℓ DNN

mH = 124.99 ± 0.18 (stat.) ± 0.04 (syst.) GeV

46



Second generation: H → μ+μ−

• Very small BR and large backgrounds 
• Dedicated BDTs trained for different production modes (20 

categories) 
• Using muon and jet kinematics

47

Phys. Lett. B 812 (2021) 135980

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/


Second generation: H → cc̄
• Observed (expected) 95% CL limit:  

•  observed (expected) significance 3.8 (4.6)σ  

•  observed (expected) significance 2.6 (2.2)σ 

26 (31+12
−8 )

VW(cq)
VZ(cc̄)

48



 and  vertices Hcc̄ Hbb̄
•  Rare decays sensitive to Hcc or Hbb vertex 

‣ Direct and indirect contributions 

•  Could be enhanced due to BSM physics 
•  No signal observed →imposed limits on BR

49

arXiv:2208.03122 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-53/


H → Zγ
• Ratio  

sensitive to new physics (composite Higgs, SUSY, …) 
• Improved lepton/photon identification 

• Constrained kinematic fit  improves 
invariant mass resolution by 10-14%  

• 6 exclusive events categories depending on lepton 
flavour and event kinematics 

• BDT to separate VBF events 

• Combined fit for all event categories to 

BR(H → Zγ)/BR(H → γγ) = 0.69 ± 0.04

Z → ℓℓ

mZγ
μ = 2.0 ± 0.9 (stat.)+0.4

−0.3 (syst.) = 2.0+1.0
−0.9

Obs (expect) significance: 2.2𝜎 (1.2𝜎) 50

Phys. Lett. B 809 (2020) 135754

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/


 new measurement H → ZZ* → 4ℓ 139 fb−1

51



Higgs width

• On-shell and off-shell signal strength 

• Includes  and  

• 95% CL observed (expected) upper limit:  

• 95% CL observed (expected) upper limit: 

H → 4ℓ H → 2ℓ2ν

μoff−shell < 3.8 (3.4)
ΓH < 14.4 (15.2) MeV

52



H → Zγ

μ = 2.0 ± 0.9 (stat.)+0.4
−0.3 (syst.) = 2.0+1.0

−0.9

Obs (expect) significance: 2.2𝜎 (1.2𝜎)



H → γ*γ → ℓℓγ

54

mℓℓ < 30 GeV• Sensitive to CP violation in the Higgs sector 

• Dedicated trigger and reconstruction techniques for low  lepton pairs 
• 9 event categories with different S/B

pT Obs(exp): 3.2𝜎 (2.1𝜎)

Phys. Lett. B 819 (2021) 136412

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/


Vector Boson Fusion H → γγ
• High statistics sample 
• Using optimal observable (OO) 

‣ Calculated with the Higgs boson & VBF jets 4-momenta 
‣ Symmetric distribution if CP conserved 

‣ Simultaneous fit of  in bins of OOmγγ

55

arXiv:2208.02338

• Interpretation in HIGZ /Warsaw basis 
• Two BDTs used to separate gluon-

gluon fusion Higgs production and 

continuous  production 
• Improve the results by a factor 

of 5

γγ

https://arxiv.org/abs/2208.02338


Spin/CP in associated  production ( )tt̄H/tH H → bb̄
• Signal regions defined based on jet multiplicity, b-tagging conditions, number of boosted top candidates 

‣ Reconstruction and background rejection BDTs trained per region 

• CP observables 

56

ATLAS-CONF-2022-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/


ATLAS double Higgs combination

57

ATLAS-CONF-2022-050

• Using                                        bb̄bb̄, bb̄γγ, bb̄ττ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


ATLAS HH+H combination

58

ATLAS-CONF-2022-050

95% CL observed (expected) limits 
• Assuming all other SM 

couplings:

• No assumptions in other couplings

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


ATLAS double Higgs combination

59

ATLAS-CONF-2022-050

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/


Spin/CP in associated  production ( )tt̄H/tH H → γγ

• Semileptonic and hadronic channels 
• Event categories based on background rejection BDT  and CP BDT trained to 

separate CP-even/CP-odd components 
• Simultaneous fit to all event categories

60

Phys. Rev. Lett. 125 (2020) 061802

• Measured ttH rate: 

 

•  @95% CL 

•  excluded at   
observed (expected)

μ = 1.43+0.33
−0.31(stat.)+0.21

−0.15(sys.)
|α | < 43∘

α = 90∘ 3.9σ (2.5σ)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

