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• Masses generated via  
interaction of particles with Higgs field

/152

• Theoretical description ⇒ massless particles!

Recap: Problem of Mass
• New field (Higgs field) postulated, permeates vacuum

More in 1st talk: 
Margarete Mühlleitner: The Higgs Boson 
– Key to our Understanding of the Universe
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4

The beating heart of the Standard Model
• Higgs boson: not just another particle!

4(*) simplified

‘Covariant’ 
derivative Kinetic term:

• Masses of  W and Z

Higgs field

-Higgs potential

Higgs mass Higgs self-
interaction

ℒHiggs = T − V
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4 + yfϕψ2
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   SM Higgs boson couples only to SM particles, 
   i.e. no “beyond SM” (BSM) physics

- effective couplings to photons and gluons, and Higgs-boson width resolved using SM assumptions
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• New Quantum concept of mass!
- After classical Newton and Einstein
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DRAFT

4 Developments in Higgs Physics

Figure 24: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling, !Hss̄, as well as on 125 GeV SM
Higgs-strange Yukawa coupling, ∀s → !hss̄/! SM

hss̄ , for the 2HDM model described in Refs. [477, 481].
See Ref. [453] for more information.
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and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201

in the final state that are not induced by the strange Yukawa coupling. The leading processes of this kind are3202

the loop-induced strong and weak Dalitz decays of the Higgs boson, H ↑ ss + g/! (Figure 25b,c). At the3203

inclusive level they contribute at the per-cent level to the total branching ratios, i.e. are more than an order of3204

magnitude larger than the strange-Yukawa-induced branching ratio of H ↑ ss. However, in order to clear up3205

the situation of the measurement of the strange-Yukawa coupling, the corresponding distributions need to be3206
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Assumption: 

   Higgs boson couples only to SM particles, i.e. no “beyond SM” (BSM) physics
- effective couplings to photons and gluons, and Higgs-boson width resolved using SM assumptions
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µ :=
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observed rate
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                not predicted!
mH =125.04 ± 0.11(stat) ± 0.05 (syst) GeV
⇒ Now, everything else is calculable

mH =
p
2�v

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
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                not predicted!
mH =125.04 ± 0.11(stat) ± 0.05 (syst) GeV
⇒ Now, everything else is calculable

mH =
p
2�v

• Count signal events:
 

• With signal efficiency :       

• and “size” of dataset:
time integrated luminosity:  

➡Cross section x branching ratio:

Nsig = Ndata − Nbkg

ϵ Ntotal signal = Nsig/ϵ

Lint = ∫ ℒ dt

Nsig/(ϵ × Lint) = σ (pp → H) × ℬ (H → ZZ* → 4ℓ)

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4 + yfϕψ2

(*) simplified

mW =
vg

2 i
vg2

4
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v

direct connection

Electroweak Symmetry Breaking
V(𝜙)

Re(𝜙)
Im(𝜙)

Re(𝜙)
Im(𝜙)
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rate  ∝
1

m4
W

Adapted from Salam, Wang, Zanderighi, Nature 607 (2022) 7917 

W-boson mass (mW) sets  
rate of radioactive β-decay  

and burning of the sun

1. Higgs Couplings to Bosons
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4 + yfϕψ2

(*) simplified

Electroweak Symmetry Breaking
V(𝜙)

Re(𝜙)
Im(𝜙)

Re(𝜙)
Im(𝜙)

V(𝜙)

Fundamentally independent from mass generation for gauge bosons!
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2. Higgs Couplings to Fermions
atomic radius  ∝

1
me

Electron mass (me) sets size of atoms & 
energy levels of chemical reactions
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2. Higgs Couplings to Fermions

Up quarks (mass ~2.2 MeV) lighter than down quarks (mass ~ 4.7 MeV)

u d

d

Proton:    
(up|up|down)

Neutron:  
(up|down|down)

Mass: 2.2 + 2.2 + 4.7 MeV + EM+strong force = 938.3 MeV 

Mass: 2.2 + 4.7 + 4.7 MeV + EM+strong force = 939.6 MeV

u u

d Proton lighter than Neutron
⇒ Protons are stable
⇒ Hydrogen atom

atomic radius  ∝
1

me

Electron mass (me) sets size of atoms & 
energy levels of chemical reactions
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Extreme  
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   ATLAS-CONF-2025-006

H → ττ

15

mτ ≈ 1.8 GeV

July  2025

ℬSM (H → ττ) = 6.3 %

SM

   JHEP 03 (2025) 010

July 2024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
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ℬSM (H → bb̄) = 58 %

mb ≈ 4 GeV
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4 Developments in Higgs Physics

Figure 24: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling, !Hss̄, as well as on 125 GeV SM
Higgs-strange Yukawa coupling, ∀s → !hss̄/! SM

hss̄ , for the 2HDM model described in Refs. [477, 481].
See Ref. [453] for more information.
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Figure 25: Typical diagrams contributing to (a) H ↑ ss, (b) H ↑ ssg and (c) H ↑ ss! .

and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201

in the final state that are not induced by the strange Yukawa coupling. The leading processes of this kind are3202

the loop-induced strong and weak Dalitz decays of the Higgs boson, H ↑ ss + g/! (Figure 25b,c). At the3203

inclusive level they contribute at the per-cent level to the total branching ratios, i.e. are more than an order of3204

magnitude larger than the strange-Yukawa-induced branching ratio of H ↑ ss. However, in order to clear up3205

the situation of the measurement of the strange-Yukawa coupling, the corresponding distributions need to be3206
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Mass ~ Coupling Strength

• New Quantum concept of mass…
⇒ Seems to work!
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3. Higgs Potential
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4 + yfϕψ2

(*) simplified

In SM: � =
1

2
m2

H
/v2
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Early Universe: Electroweak Phase Transition
Baryogenesis: creation of matter-antimatter asymmetry in the Universe 

requires 1st order electroweak phase transition

22

Direct searches, Georg Weiglein, German strategy workshop ``The future of Collider Physics’’ in preparation of the ESPP update, DESY, 11 / 2024

Phase Transitions in a nutshell

Kateryna Radchenko Serdula                                                                                                                                                 4

- The Higgs mechanism requires spontaneous symmetry breaking but its origin remains a mystery

- In the SM the evolution from a symmetric vacuum to the EW vacuum happens through a smooth crossover, 
given the Higgs mass at ~ 125 GeV [Kajantie, Laine, Rummukainen, Shaposhnikov: arXiv: 9605288 ]

- In BSM models a strong first order phase transition can be accommodated 

1st order transition provides violent conditions for bubble nucleation that we need to depart from thermal eq.
Sphaleron processes are suppressed in the bubbles so the b-asymmetry generated outside through the scattering 
of the plasma against the bubble walls is not washed out once it enters inside the expanding bubble

[Gorbunov, Rubakov,  2011]
[Morrissey, Ramsey-Musolf: 
arXiv: 1206.2942 ]

First-order vs. second order EWPT

Potential barrier needed for first-order EWPT, depends on trilinear 
Higgs coupling(s)


Deviation of trilinear Higgs coupling from SM value is a typical 
feature of a strong first-order EWPT

52

3

The electroweak phase transition and electroweak baryogenesis? 
Do they go hand-in-hand? Yes, but only if first-order! 

Veff (φ, T) = Vtree(φ) + Vloop(φ, T )

[Image by D. Gorbunov, V. Rubakov]

Effective potential = Free energy density

1st-order 2nd-order

[D. Gorbunov, V. Rubakov]

[K. Radchenko ’23]
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High temperature, very early Universe

: critical temperature 
  (degenerate minima)

TC

: transition temperature 
 (strong 1st order  
 electroweak phase transition)

Tn

Potential barrier 
depends on 
trilinear Higgs 
coupling strength λ

More in 1st talk: 
Margarete Mühlleitner: The Higgs Boson 
– Key to our Understanding of the Universe

λ
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HH Production
• Map out Higgs potential

23
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σ(gg → HH) = 31.05 fb
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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Di-Higgs Decays
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All HH decay 
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multilepton 
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multi-!/τ/γ final 

states).
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Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models
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“Large” BR & clean signatures:

H
→
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H → xx

- BRSM(HH → bbbb) = 33%  

- BRSM(HH → bbττ) = 7.3%  

- BRSM(HH → bbγγ) = 0.26% 
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
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Run 2 and 3 (2022-2024) : HH → bb̄γγ
 ( ) μobs.

HH = 0.9+1.4
−1.1 μexp.

HH = 1.0+1.3
−1.0

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/
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4. Search for New Physics
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ℒNature = ℒSM + ℒ???
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Extend SM with new physics operators:

(assumes no new particles below Λ = 1 TeV)

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤
! 4` decay modes,

as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤
! 4`

ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)
i
O

(6)
i
/⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)
i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3
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O
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i
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i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
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based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3

• Use combined measurement of many 
differential cross-section results

• 17 EFT parameters fitted simultaneously!
- Eigenvector rotation (to remove insensitive directions) 

SM

April 2025

   CMS-PAS-HIG-21-018

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html
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Opens the window to global combined analyses!

• Use combined measurement of many 
differential cross-section results

• 17 EFT parameters fitted simultaneously!
- Eigenvector rotation (to remove insensitive directions) 

SM
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-018/index.html
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Higgs couplings different?
• SM: Higgs interactions CP-even  test for CP-odd contributions→

29
SM

   ATL-PHYS-PUB-2025-031

Test  structureHWW̃

DRAFT

4 Developments in Higgs Physics

Figure 24: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling, !Hss̄, as well as on 125 GeV SM
Higgs-strange Yukawa coupling, ∀s → !hss̄/! SM

hss̄ , for the 2HDM model described in Refs. [477, 481].
See Ref. [453] for more information.
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Figure 25: Typical diagrams contributing to (a) H ↑ ss, (b) H ↑ ssg and (c) H ↑ ss! .

and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201

in the final state that are not induced by the strange Yukawa coupling. The leading processes of this kind are3202

the loop-induced strong and weak Dalitz decays of the Higgs boson, H ↑ ss + g/! (Figure 25b,c). At the3203

inclusive level they contribute at the per-cent level to the total branching ratios, i.e. are more than an order of3204

magnitude larger than the strange-Yukawa-induced branching ratio of H ↑ ss. However, in order to clear up3205

the situation of the measurement of the strange-Yukawa coupling, the corresponding distributions need to be3206

Draft: 13.01.2025 – 12:41 82
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-031/
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• Largest excess in   
at :   global (local)

σ13 TeV (pp → X) ℬ (X → YH → γγbb̄)
(mX, mY) = (300,77) GeV 0.65 σ (3.33 σ)

• Search: heavy scalar resonance  decaying to 
light scalar resonance  and  boson

X
Y H125
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mtop ≈ 173 000 MeV 
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Electromagnetism

mW = 80,4 GeV
mZ = 91,2 GeV

Gluons g

Strong Force

W+, Z0, W-  bosons

Weak Force

Graviton  
G

Gravity

Photon γ Force carrier
Matter 
particle, 

e.g. electron

Time
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• Solution to problem of masses of elementary particles: (developed in 1960s by Brout, Englert, Higgs, et al.)
- Introduce scalar field 𝜙(𝑥) with potential:
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Mass of Elementary Particles?
•The problem of gauge boson masses:
- Principle of local gauge invariance:

37
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Fundamentally independent from mass generation for gauge bosons!
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• Higgs-boson Lagrangian:

LH 3 g2

4
�2W 2 � µ2�2 � ��4
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1. Build probability density distribution f for background-only hypothesis H0: f(x|H0)
2. Probability to obtain result xobs or less likely, given f(x|H0):
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• Significance: 5.7σ
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Look elsewhere effect: Local vs. Global significance
• Significance: 

- How likely does the background fluctuate to the observed (or more extreme) value ⇒ p-value 

- Transform p-value into (local) significance assuming Gaussian probability distribution ⇒ 

- : “evidence”;    : “strong evidence”;    : “observation”

- Depends on background

Z σ

3 ≤ Z < 4 4 ≤ Z < 5 Z ≥ 5

42

• When there is another unknown signal parameter, e.g., unknown mass  of a resonance: what to do? 
- How to claim “observation” for any value of  within a search range? 

- Much larger chance to find an excess in a narrow mass window if we scan this narrow window over a very wide mass range 
⇒ “look elsewhere effect”

- Correct p-value by scaling it by the “number of places we have looked”, or a “trials factor”

- Trials factor could, e.g., be simply 

- Often called “Bonferroni-type correction”

mX

mX

wide mass search range
mass resolution



Karsten Köneke /31II. Physikalisches Institut

Beam acceleration and control

43

Kyriacos Skoufaris, FCC Early Career Forum, 13 Jan. 2025

https://indico.cern.ch/event/1489465/contributions/6287464/attachments/2994201/5275084/How_to_collide_beams_in_the_future.pdf
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The κ Framework
• Once Higgs boson mass is known, all other Higgs-boson parameters are fixed in the SM
• To allow for measurement deviations from SM rates, introduce coupling modifiers:

44

Assumption: 
• Only one SM Higgs-like state at ~125 GeV with negligible width LHC Higgs XS WG (arxiv:1307.1347)

   Deciphering the Higgs Boson          C. Weiser, Univ. Freiburg         3.3.2016        DPG 2016 Hamburg                  24 

Higgs-Boson Couplings: ATLAS + CMS 
Production and decay involve couplings of Higgs boson to different particles: 
 
 
 
 
  
 
Narrow width approximation:  
 Factorize cross section into production process i and decay into final state f  
 
          
    
         
 

       ! The Higgs width ΓH scales all observed cross sections! 
   ! Cannot interpret cross sections in terms of couplings without assumptions on ΓH 
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(� · BR) (i ! H ! f)
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⇒ Back

http://arxiv.org/abs/1307.1347


Karsten Köneke /31II. Physikalisches Institut

Effective Field Theories: Muon Decay
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Higgs Boson Mass

46
   arXiv:2409.13663    Phys. Rev. Lett. 131 (2023) 251802

mH =125.11 ± 0.09(stat) ± 0.06 (syst) GeVmH =125.08 ± 0.10(stat) ± 0.07 (syst) GeV

Sep  2024 H → γγ and H → ZZ* → 4𝓁H → ZZ* → 4𝓁
Aug  2023

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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Impact of mH 

47

• Impact of ΔmH on cross-sections  
and branching fractions very small:

Δtheo Δexp ΔmH

BR(ZZ) ±1% ~10% ±1%
σVBF ±2% ~11% ±0.1%

⇒Measurement precision of mH good enough for this
- but precise measurement important! 

• In SM:  mW = mW(mtop, mH,…)

- Measurement uncertainty:  ∆mW = 9 MeV
- Impact on mW in electroweak fit: ∆mW(Top) = ±2.7 MeV,  ∆mW(H) = ±0.1 MeV
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1. Higgs Boson Width
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ℒHiggs = (Dμϕ)2 − μ2ϕ2 − λϕ4 + yfϕψ̄ψ

(*) simplified

not predicted!

mH =
p
2�v

ℒ ∋ − λv2H2 − λvH3 −
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4
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Electroweak Symmetry Breaking
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• Expected width: ΓH,SM = 4.1 MeV
- Direct limit: ΓH < 50 MeV @ 68% CL (<330 MeV @ 95 % C.L.)

- Lifetime too short to measure:  
ΓH > 3.5 × 10−9 MeV @ 95% CL

Higgs Boson Width

49

  Phys. Rev. D 92, 072010 (2015)

   arXiv:2409.13663

ΓH = 3.2+2.4
−1.7 MeV Feb  2022

      arXiv:2412.01548

Dec  2024
ΓH = 4.3+2.7

−1.9 MeV

- Evidence for off-shell production:  3.6 σ

-  

- Evidence for off-shell production:  3.3 σ

-  

   Nat. Phys. 18 (2022) 1329

• Use H → ZZ(*) → 4𝓁 and 2𝓁2ν 

~10% of all pp → H → ZZ

+

https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
https://arxiv.org/abs/2412.01548
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
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Higgs Boson Width
• HL-LHC with combined ATLAS+CMS:

- ΓH = 4.1 ± 0.8 MeV

50

arXiv:1902.00134

• HL off-shell Higgs boson production using a 
neural simulation-based inference technique

   arXiv:2412.01548

https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/2412.01548
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H → ZZ* → 4𝓁
• BRSM(H → ZZ*) ≈ 2.6%

- BRSM(Z → 𝓁𝓁) ≈ 3.4%  

⇒ BRSM(H → ZZ* → 4𝓁) = 0.016%

⇒~1200 H → ZZ* → 4𝓁 events in 139 fb-1  

- Expect to see 206 signal events (A⋅ε)
- Excellent signal reconstruction and S/B

• Fiducial cross-section measurement:
- Observed: σfid(H → ZZ* → 4𝓁) = 3.28 ± 0.32 fb 
- Expected: σfid,SM(H → ZZ* → 4𝓁) = 3.41 ± 0.18 fb

51
arXiv:2004.03969

https://arxiv.org/abs/2004.03969
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⇒ Differential cross-section measurements; 
Comparison with theory predictions

arXiv:2004.03969

https://arxiv.org/abs/2004.03969
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Extreme  
phase space!

SM

   ATLAS-CONF-2025-006

H → ττ

52

mτ ≈ 1.8 GeV

   JHEP 03 (2025) 010

July 2024 July  2025

ℬSM (H → ττ) = 6.3 %

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-07/
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H → ττ
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   Eur. Phys. J. C 83 (2023) 562

April 2022

Good high-pT(H) sensitivity

• Strongest coupling to leptons
- BRSM(H → ττ) = 6.3% ⇒ ~485 000 H → ττ events

• Cut-based (CB) & multiclass neural-network (NN) analyses
• 16 (15) STXS bins in NN (CB) analysis

12% (13%)

Expected  
uncertainty  
NN (CB) 
[symmetrized]

25% (23%)

17% (24%)

39% (39%)

Excellent qqH sensitivity

⇒ Back

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html
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H → bb

54

c

c

b

b

•
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → 𝓁ν)
- 2 lepton (Z → 𝓁𝓁)

⇒ ~30 000 V(→leptons)H(→bb) events in Run 2

ℬSM (H → bb̄) = 58 %

mb ≈ 4 GeV
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H → bb
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c

c

b

b

•
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → 𝓁ν)
- 2 lepton (Z → 𝓁𝓁)

⇒ ~30 000 V(→leptons)H(→bb) events in Run 2

ℬSM (H → bb̄) = 58 %

lifgh

Caterina Vernieri ・ ECFA WG1・ October 17, 2024 

Tagging strange is a challenging but not impossible task for future detectors at e+e- 

s-tagging

3

• As b,c, and s jets contain at least one strange hadron
• Strange quarks mostly hadronize to prompt kaons which 

carry a large fraction of the jet momentum
• Strange hadron reconstruction:

• K± PID
• K0L  PF (neutral)
• K0S → π+π- (~70%) / π0π0 (~30%)
• Λ0→ pπ- (~65%)
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H → bb

54

c

c

b

b

•
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → 𝓁ν)
- 2 lepton (Z → 𝓁𝓁)

⇒ ~30 000 V(→leptons)H(→bb) events in Run 2

ℬSM (H → bb̄) = 58 %

   FTAG-2023-01
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
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SM

ttH, H → bb
• Tree-level top-Yukawa measurement

- Very difficult to predict and model dominant ttbb background 
- ATLAS obs. (exp.) significance: 4.6 (5.4) σ 

55

July 2024

   Eur. Phys. J. C 85 (2025) 210

mt ≈ 172 GeV

gluon-gluon fusion (ggF) W/Z associated prod. (VH)vector-boson fusion (VBF)

single-top assoc. prod. (tH)

tt associated prod. (ttH)

σggF = 48.5 pb (87 %) σVBF = 3.78 pb (7 %) σVH = 2.3 pb (4 %) σttH = 0.5 pb (0.9 %)

σtH = 0.09 pb (0.16 %)
σVBF = 3.78 pb (7 %)

VH
σVH = 2.3 pb (4 %)

σttH = 0.5 pb (0.9 %)

gluon-gluon fusion (ggF) W/Z associated prod. (VH)vector-boson fusion (VBF)

single-top assoc. prod. (tH)

tt associated prod. (ttH)

σggF = 48.5 pb (87 %) σVBF = 3.78 pb (7 %) σVH = 2.3 pb (4 %) σttH = 0.5 pb (0.9 %)

σtH = 0.09 pb (0.16 %)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-24/
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Extracting coupling modifiers
• Idea:  pT(H) sensitiv to Charm-Yukawa coupling:

- Interference between Charm-, Bottom-, and Top-quark loop in ggF 

56

Interpretation from 
pT(H) distributions 
with H → ZZ* → 4𝓁

Shape & coupling dependent on BR

May 2023

   JHEP 08 (2023) 040

- Direct cc → H production

Charm-Higgs coupling strength modifier κc

Charm-Higgs coupling strength modifier κc

Higgs

Gluon

Gluon
t,b,c gc

Higgs
c

c →

→

gc
c :=

gc
(gc)SM
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Figure 1 illustrates the impact of the Yukawamodification
κc on the normalized pT;h spectrum in inclusive Higgs
production. The results are divided by the SM prediction
and correspond to pp collisions at a center-of-mass energy
(

ffiffiffi
s

p
) of 8 TeV, central choice of scales, and MSTW2008NNLO

PDFs [55]. (The ratio of thepT;h spectra to the SMprediction
at

ffiffiffi
s

p
¼ 13 TeV is slightly harder than the

ffiffiffi
s

p
¼ 8 TeV

counterpart, which enhances the sensitivity to κb and κc at
ongoing and upcoming LHC runs as well as possible
future hadron colliders at higher energies.) Notice that for
pT;h ≳ 50 GeV, the asymptotic behavior [Eq. (1)] breaks
down and consequently the gQ → hQ, QQ̄ → hg channels
control the shape of the pT;h distributions.
We stress that for the pT;h distribution, nonperturbative

corrections are small and in the long run, pT;h will be
measured to lower values than pT;j. While the latter
currently gives comparable sensitivity, it is mandatory to
study pT;h to maximize the constraints on κQ in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

ffiffiffi
s

p
¼ 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h → γγ [56,57], h → ZZ" → 4l [58,59]
and h → WW" → eμνeνμ [60,61] channels, using around
20 fb−1 of data in each case. To derive constraints on κb
and κc, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h → γγ and h → ZZ" →
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our χ2 analysis, we include the first seven bins
in the range pT;h ∈ ½0; 100$ GeV whose experimental
uncertainty is dominated by the statistical error. The data
are then compared with the theoretical predictions for the

inclusive pT;h spectrum described in the previous section.
We assume that all the errors are Gaussian in our fit.
The bin-to-bin correlations in the theoretical normalized
distributions are obtained by assuming that the bins of the
unnormalized distributions are uncorrelated and modeled
by means of linear error propagation. This accounts for the
dominant correlations in normalized spectra. For the data,
we used the correlation matrix of Ref. [62].
Figure 2 displays the Δχ2 ¼ 2.3 and Δχ2 ¼ 5.99 con-

tours [corresponding to a 68% and 95% confidence level
(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.
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(C.L.) for a Gaussian distribution] in the κc − κb plane. We
profile over κb by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on κc:

κc ∈ ½−16; 18$ ðLHC run IÞ: ð2Þ

Our limit is significantly stronger than the bounds from
exclusive h → J=ψγ decays [10], a recast of h → bb̄
searches, and the measurements of the total Higgs width
[2,64], which read jκcj≲ 429 [9], jκcj≲ 234, and jκcj ≲
130 [13], respectively. It is, however, not competitive with
the bound jκcj≲ 6.2 from a global analysis of Higgs data
[13], which introduces additional model dependence.
Turning our attention to the allowed modifications of the

bottom Yukawa coupling, one observes that our proposal
leads to κb ∈ ½−3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp → W=Zhðh → bb̄Þ, pp → tt̄hðh → bb̄Þ, and h → bb̄
in vector boson fusion that already restrict the relative shifts
in yb to around '50% [1,2].
Future prospects.—As a result of the expected reduction

of the statistical uncertainties for the pT;h spectrum at the
LHC, the proposed method will be limited by systematic

FIG. 1. The normalized pT;h spectrum of inclusive Higgs
production at

ffiffiffi
s

p
¼ 8 TeV divided by the SM prediction for

different values of κc. Only κc is modified, while the remaining
Yukawa couplings are kept at their SM values.

FIG. 2. The Δχ2¼2.3 and Δχ2¼5.99 regions in the κc−κb
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h→γγ and h→
ZZ"→4l channels. The SM point is indicated by the black cross.
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Combined κb and κc extraction
• Combine information from pT(H) with VH(bb) and VH(cc):

57
   JHEP 05 (2023) 028
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• Small BRSM(H → Zγ) ≈ 0.15%

- BRSM(Z → 𝓁𝓁) ≈ 3.4%  
⇒ BRSM(H → Zγ → 𝓁𝓁γ) = 0.01%

⇒ ~765 H → Zγ → 𝓁𝓁γ events in 140 fb-1   
and difficult kinematics

⇒       ATLAS H → ℓℓγ result: obs. (exp.):  3.2 σ (2.1 σ)
(ℓ = electron or muon)

⇒            combined Run 2: obs. (exp.):  3.4 σ (1.6 σ)

July  2025• Run 2 + partial Run 3 result: 
- Observed signal strength  

- Observed (expected) significance: 2.5 σ (1.9 σ)
μ = 1.3+0.6

−0.5

   arXiv:2507.12598

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-19/
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• Small BRSM(H → Zγ) ≈ 0.15%

- BRSM(Z → 𝓁𝓁) ≈ 3.4%  
⇒ BRSM(H → Zγ → 𝓁𝓁γ) = 0.01%

⇒ ~765 H → Zγ → 𝓁𝓁γ events in 140 fb-1   
and difficult kinematics

⇒       ATLAS H → ℓℓγ result: obs. (exp.):  3.2 σ (2.1 σ)
   Phys. Rev. Lett. 132 (2024) 021803

Sep  2023

• First evidence from ATLAS+CMS combination:

- Observed signal strength µ = 2.2 ± 0.7 

- Observed (expected) significance: 3.4 σ (1.6 σ)

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate
Signal strength 

(ℓ = electron or muon)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/
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H → 𝓁𝓁γ
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• Tiny branching fractions:
- BRSM(H → eeγ)|m𝓁𝓁<30 GeV = 7.20 × 10-5    

BRSM(H → µµγ)|m𝓁𝓁<30 GeV = 3.42 × 10-5   

- ~1200 H → 𝓁𝓁γ events in 139 fb-1  

• Observed (expected) significance:  3.2 σ (2.1 σ)
   Phys. Lett. B 819 (2021) 136412

March  2021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/
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4 Developments in Higgs Physics

Figure 24: 95% CL bounds on the CP-even Higgs-strange Yukawa coupling, !Hss̄, as well as on 125 GeV SM
Higgs-strange Yukawa coupling, ∀s → !hss̄/! SM

hss̄ , for the 2HDM model described in Refs. [477, 481].
See Ref. [453] for more information.
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Figure 25: Typical diagrams contributing to (a) H ↑ ss, (b) H ↑ ssg and (c) H ↑ ss! .

and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201

in the final state that are not induced by the strange Yukawa coupling. The leading processes of this kind are3202

the loop-induced strong and weak Dalitz decays of the Higgs boson, H ↑ ss + g/! (Figure 25b,c). At the3203

inclusive level they contribute at the per-cent level to the total branching ratios, i.e. are more than an order of3204

magnitude larger than the strange-Yukawa-induced branching ratio of H ↑ ss. However, in order to clear up3205

the situation of the measurement of the strange-Yukawa coupling, the corresponding distributions need to be3206
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Loop-induced Couplings
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and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201
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and background processes is of high relevance. This section contributes to the present state of the art on the3195

theoretical side.3196

Higgs decays into strange quarks are induced by the strange Yukawa coupling (Figure 25a). QCD and3197

electroweak corrections to the LO process are of moderate size (for a review see e.g. [485]), if the strange3198

Yukawa coupling is expressed by the MS strange mass ms(MH) at the scale of the Higgs mass MH. The3199

inclusive strange Yukawa-induced branching ratio of H ↑ ss amounts to 0.022%, thus being very small and3200

below the per-mille level. This immediately poses the question of competing Higgs decays with strange quarks3201

in the final state that are not induced by the strange Yukawa coupling. The leading processes of this kind are3202

the loop-induced strong and weak Dalitz decays of the Higgs boson, H ↑ ss + g/! (Figure 25b,c). At the3203

inclusive level they contribute at the per-cent level to the total branching ratios, i.e. are more than an order of3204
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Further Coupling Strength Checks

Assume:
No BSM 

contributions
(Binv = Bundet = 0)

   ATLAS-CONF-2025-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-006/
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Assume:
No BSM 

contributions
(Binv = Bundet = 0)

Assume:
Binv and Bundet are 
free parameters.
Constrain κW ≤ 1 

and κZ ≤ 1

Add:
VBF H → invisible

≈6%

≈6%

≈11%

≈13%

≈8%

≈7%

≈6%

≈25%

≈25%

   Nature 607, 52–59 (2022)

⇒ Back

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/


Karsten Köneke /31II. Physikalisches Institut

Loop-induced Couplings
• SM: ggF and H → γγ are loop-induced

- New particles could participate in the loop
⇒ Contributions of BSM? 
⇒ Test effective coupling factors for 

photons (κγ) and gluons (κg)
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Ratio of Coupling Modifiers
• With ttH measurement:
⇒ Test compatibility between 

- direct ttH coupling (κt) and 
- coupling in ggF loop, i.e. effective 

coupling modifier for gluons (κg)

66
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• No assumption on total width needed; assume all parameters >0
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Combined STXS Measurement
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   Nature 607, 52–59 (2022)

July 2022

Measurements in many 
kinematic regions
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κ Framework vs. EFT Example

68
Graphics courtesy of Brian Moser at Higgs 2020
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Extend SM with new physics operators:

(assumes no new particles below Λ = 1 TeV)

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤
! 4` decay modes,

as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤
! 4`

ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)
i
O

(6)
i
/⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)
i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3

• 43 EFT parameters fitted, one at a time

Opens the window to global combined analyses!

SM

April 2025

   CMS-PAS-HIG-21-018
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Karsten Köneke /31II. Physikalisches Institut

Effective Field Theory Interpretations

71

Extend SM with new physics operators:

(assumes no new particles below Λ = 1 TeV)

Table 1: Data categories entering the combined measurements for the H ! �� and H ! Z Z⇤
! 4` decay modes,

as described in Refs. [4] and [5], respectively. The categories are listed in order of prioritization such that events
assigned to a given category are not considered for subsequent categories. The purity of the targeted production
mode varies from category to category.

H ! ��
tt̄H+tH leptonic (two tHX and one ttH categories)
tt̄H+tH hadronic (two tHX and four BDT ttH categories)
VH dilepton
VH one-lepton, p`+E

miss
T

T � 150 GeV
VH one-lepton, p`+E

miss
T

T <150 GeV
VH Emiss

T , Emiss
T � 150 GeV

VH Emiss
T , Emiss

T <150 GeV
VH+VBFpj1

T � 200 GeV
VH hadronic (BDT tight and loose categories)
VBF, p�� j jT � 25 GeV(BDT tight and loose categories)
VBF, p�� j jT <25 GeV(BDT tight and loose categories)
ggF 2-jet, p��T � 200 GeV
ggF 2-jet, 120 GeV p��T <200 GeV
ggF 2-jet, 60 GeV p��T <120 GeV
ggF 2-jet, p��T < 60 GeV
ggF 1-jet, p��T � 200 GeV
ggF 1-jet, 120 GeV p��T <200 GeV
ggF 1-jet, 60 GeV p��T <120 GeV
ggF 1-jet, p��T < 60 GeV
ggF 0-jet (central and forward categories)

H ! Z Z⇤
! 4`

ttH
VH leptonic
2-jet VH
2-jet VBF, pj1

T � 200 GeV
2-jet VBF, pj1

T <200 GeV
1-jet ggF, p4`

T � 120 GeV
1-jet ggF, 60 GeV<p4`

T <120 GeV
1-jet ggF, p4`

T <60 GeV
0-jet ggF

the corresponding field operators dimension-6 in energy). The general form of the Lagrangian including
dimension-6 operators is [3]:

L = LSM +
’
i

c(6)
i
O

(6)
i
/⇤2, (1)

where⇤ is the energy scale of new processes; in the following the parameters are simplified to c̄i = c(6)
i
/⇤2.

Several bases of these operators are available for gauge-invariant products of SM fields; of these, the
strongly-interacting light Higgs (SILH) [10] and Warsaw [11] bases have the most complete public
implementations. The fit described here focusses on the dominant operator coe�cients in the SILH basis,
based on leading-order predictions and taking into account precision electroweak constraints [12].

There are 59 operators in the dimension-6 basis assuming flavour-universal couplings, with an additional
seventeen operators for the hermitian conjugates. The majority of these operators do not a�ect Higgs
physics or have coe�cients that are tightly constrained by precision electroweak data at leading order.
Constraints on the coe�cients of operators of the SILH implementation in Madgraph (the Higgs E�ective
Lagrangian, or HEL [13]) have been tabulated in an LHC Higgs working group document [14]. Of the
fifteen operators whose coe�cients are constrained by Higgs boson interactions, four are CP-odd and are
neglected because they do not enter any STXS observable at leading order in 1/⇤2 and are degenerate with
corresponding CP-even operators at 1/⇤4. Other operators that do not directly a�ect the H ! �� and
H ! Z Z⇤ measurements are those that a�ect the Higgs boson self-couplings and the Yukawa couplings

3

• EFT interpretation of “Nature” combination

• 19 EFT parameters fitted simultaneously!
- Eigenvector rotation  

(to remove insensitive directions) 

Opens the window to global combined analyses!

Feb 2024
   JHEP 11 (2024) 097
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CP Measurement in HVV Coupling
CP-violation through interference of SM           (CP-even) with dim-6 CP-odd                 :

72

The violation of the charge-conjugation and parity (CP) symmetry is one of the three Sakharov conditions [1]
needed to explain the observed baryon asymmetry of the universe. The only established CP violation
source is the complex phase in the quark mixing matrix [2], from which the derived magnitude of CP
violation in the early universe is insufficient to explain the observed value of the baryon asymmetry [3–5].
The discovery of the Higgs boson by the ATLAS and the CMS experiments [6, 7] at the Large Hadron
Collider (LHC) [8] opened a new direction to search for sources of CP violation: the interactions of the
Higgs boson. The Standard Model (SM) Higgs boson (�) is even under simultaneous charge-conjugation
and parity inversion. However, CP violating interactions are still allowed experimentally. Any deviation
from a pure CP-even interaction of the Higgs boson with other SM particles could be a new source of CP
violation and also a direct indication of physics beyond the SM (BSM). The CP structure of Higgs boson
couplings to electroweak gauge bosons and fermions has been studied extensively by the ATLAS and the
CMS experiments [9–18]. The results are consistent with the SM prediction, and no sign of CP violation
has been found yet.

A CP-odd component in the Higgs boson coupling to electroweak bosons (�++ ,+ = ,//) can be
described by adding dimension-6 operators to the SM Lagrangian, using an effective field theory (EFT)
approach. The total matrix element (M ) can be written as

|M |2 =|MSM |2 + 228Re(M ⇤
SMM⇠%-odd)

+ 2
2
8
|M⇠%-odd |2.

(1)

The first term describes the SM contribution. The second term (interference term) is CP-odd, representing
a new source of CP violation in Higgs boson couplings, and is parameterized by the Wilson coefficient
28. The third term (quadratic term) describes a CP-even BSM contribution parameterized by 2

2
8
. The

interference term only affects CP-odd observables and does not contribute to CP-even observables, e.g. the
inclusive cross-section [19].

Several methods were developed to construct CP-odd observables that can distinguish CP violation
contributions, e.g. in Refs. [12, 17]. This study adopts the Optimal Observable [20–24] defined as

OO = 2Re(M ⇤
SMMCP�odd)/|MSM |2

to test the CP structure of the Higgs boson coupling to electroweak bosons in vector-boson-fusion (VBF)
production and combines event-based information from a multidimensional phase space into a single
CP-sensitive observable.

The Optimal Observable is evaluated with the momentum fraction G1 (G2) of the initial-state parton from
the proton moving in the positive (negative) I-direction (along the beam), and from the four-momenta of
the Higgs boson and two VBF jets. At the reconstruction level, the momentum fractions are derived as
G

reco
1,2 = (<� 9 9e±H� 9 9 )/pB by exploiting energy and momentum conservations of the Higgs boson, which

is built from the two selected photons, and the selected VBF jets. Here, <� 9 9 (H� 9 9) is the invariant
mass (rapidity) of the Higgs boson and VBF jet system, and

p
B represents the center-of-mass energy of

the proton-proton collision. A detail description of the Optimal Observable calculation can be found in
Ref. [9].

In the SM, the OO distribution is expected to be symmetric with a mean value of zero, and any asymmetrical
effects would indicate contributions from the CP violation term, in the absence of rescattering by new light
particles in loops [25]. For a given event, the matrix elements in the OO definition are calculated using the
four-momenta of the Higgs boson and the two forward VBF jets, and have no dependence on the decay
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CP Measurement in t(t)H Production
• CP-odd in Higgs-Gauge interactions need higher-order operators
• CP-odd in Higgs-fermion interactions (top-Yukawa) can be tree-level
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Collaboration [25] by interpreting the results in terms of the spin-parity of the H. Additional
machine learning techniques are used to maximise the separation between different H CP sce-
narios.

The measurement is based on data recorded by the CMS experiment in pp collisions at
p

s =
13 TeV during the LHC Run 2, corresponding to an integrated luminosity of 138 fb�1. The
search for CP violation in the ttH and tH production modes using multilepton final states
follows other CMS measurements where the CP structure of the coupling yt of the observed
boson to the top quark was studied finding no deviation with respect to the SM prediction of
CP-even scenario [24].

This analysis includes the signatures 2`SS + 0th, 2`SS + 1th, and 3`+ 0th, which account for
the H decay modes H ! WW, H ! tt and H ! ZZ, targeting events in which at least one
top quark decays leptonically and providing the highest sensitivity to possible CP violation
effects. The symbol ` denotes light leptons (e, µ), and “SS” means same-sign. The symbol
th denotes hadronically decaying tau leptons. As in previous analyses [24], the separation
of the ttH and tH signals from backgrounds is improved with machine learning techniques,
mainly boosted decision trees (BDTs) and artifical deep neural networks (DNNs), as well as
with matrix element methods [52, 53]. In particular, machine learning methods are employed
to improve the separation between CP-odd and CP-even scenarios, both pure and mixed, for
the ttH and tH signals.

The Lagrangian for the fermions-Higgs interaction can be written as a superposition of a CP-
even and a CP-odd phase:

L = LCP�even + LCP�odd , (1)

where any deviation from the SM values for the couplings would mean CP violation in the top-
Higgs sector and would be described as a beyond-the-SM (BSM) phaenomenon. Assuming that
the scalar H is a mass eigenstate, the ttH Lagrangian can be parametererized as follows:

Ltt H =
�yt

2
ȳt(kt + ig5 ekt)ytH , (2)

Here yt is the top-Higgs Yukawa coupling, while kt and ekt are the ratios of the couplings of
CP-even and CP-odd terms, respectively, to the SM expectation for the top-Higgs Yukawa cou-
pling. kt is proportional to cos(a), while ekt is proporitonal to sin(a), where a is the mixing
angle. In the SM there is no CP violation and therefore a is either 0� or 180�. The choice of kt

and a affects the coupling and hence the cross section and kinematical properties of both the
ttH and tH processes. We use the variation in the cross section of the ttH and tH processes
depending on the choice of a derived in Ref. [54]. Based on the choice of a, we can broadly
identify the three possible scenarios detailed in Table 1. Kinematic differences between the
purely CP-even, the purely CP-odd, and the mixed scenario can be exploited to discriminate
between them and can thus be deployed to throw light on the exact CP scenario that is favored
by Nature. It is important to note that the cross section of the ttH process is symmetric around
a = 90� and is therefore not sensitive to the difference between the SM coupling (a = 0) and
the inverse coupling (a = 180�).

Table 1: Possible CP scenarios

Scenario a
Purely CP even a = 0� or 180�
Purely CP odd a = 90�
Mixed scenario a 6= 0�, 6= 90�, 6= 180�
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1 Introduction

Since the observation of the Higgs boson at the LHC [1, 2], its properties have been studied in great detail.
In particular, the observation of the Higgs boson production in association with a top-quark pair, CC̄� [3, 4],
provides direct experimental access to the top-quark Yukawa coupling at tree-level. The increasing LHC
data set has recently allowed the ATLAS and CMS Collaborations to probe the charge-conjugation and
parity (⇠%) properties of this coupling using CC̄� events with � ! WW decays [5, 6]. The present note
reports on the study of the ⇠% properties of the top-quark Yukawa coupling using CC̄� and C� production,
in the � ! 11̄ decay channel. The analysis targets final states where at least one top quark decays
semi-leptonically to electrons or muons. It uses

p
B = 13 TeV ?? collision data recorded by the ATLAS

experiment during Run 2, corresponding to an integrated luminosity of 139 fb�1.

The Standard Model (SM) predicts the Higgs boson to be a scalar particle (�⇠% = 0++). Considering the
possibility of Beyond the Standard Model (BSM) couplings, a ⇠%-odd component of the vector boson
couplings to the Higgs boson is naturally suppressed by the scale at which new physics would become
relevant. This suppression does not happen for Yukawa couplings, where ⇠%-odd Higgs–fermion couplings
may be significant already at tree level [7]. Experimentally, pure ⇠%-odd couplings of the Higgs boson
have been ruled out for the vector boson couplings by past experimental results [8–14]. Analyses of
CC̄� events with � ! WW decays [5, 6] have also excluded pure ⇠%-odd top-Higgs couplings at more
than 3f significance. But a mixing of ⇠%-odd and ⇠%-even states has not been ruled out and is worth
investigating. The observation of a non-zero ⇠%-odd coupling component would in fact signal the existence
of physics beyond the SM, and open up the possibility of ⇠%-violation in the Higgs sector [15–18]. Such a
new source of ⇠% violation could play a fundamental role in explaining the matter–antimatter asymmetry of
the Universe. Events targeted in this analysis are sensitive to top-Higgs coupling at tree-level. This avoids
the need for assumptions about the influence of BSM e�ects which may be present in other, more indirect
measurements [19–21]. In particular, current limits on electron and neutron electrical dipole moments
present indirect model-dependent constraints on a possible pseudoscalar component of the top-quark
Yukawa coupling [22–24].

The top-Higgs interaction can be extended beyond the SM as [19]:

LC C̄� = �^0C HCqk̄C (cosU + 8W5 sinU)kC , (1)

where HC is the SM Yukawa coupling strength, modified by a coupling modifier ^0C , U is the ⇠%-mixing
angle, q is the Higgs field, kC and k̄C are top-quark spinor fields and W5 is a Dirac matrix. The above
expression reduces to the SM case for ^0C = 1 and U = 0, whereas other values of ^0C and U parametrise
a possible BSM tensor structure of the coupling, including a ⇠%-odd component of the interaction. An
anomalous coupling can manifest both as a change in total cross section with respect to SM expectations,
and as changes in various di�erential cross sections [15, 25–28].

This study follows closely a recent analysis optimized for the measurement of the CC̄� (! 11) production
cross section [29]. A notable exception is that the present analysis considers both the CC̄� and C� production
modes as signal. No attempt was made to optimize the analysis strategy for the C� signal, as its small
yield makes this channel relevant only in one analysis region (see below). Other noteworthy di�erences
with respect to the analysis documented in Ref. [29] are detailed in the text and include the definition
of analysis regions and di�erences in the systematic uncertainty model. In the case of C� production,
the destructive interference between the diagrams with C-� and ,-� couplings leads to the minimal C�
production cross section in SM. Any change in the relative C-� and ,-� coupling strength would result in
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“multilepton” topology
Combine with γγ and ZZ* ttH, H → γγ topology

- Pure CP-odd coupling excluded at 3.7 σ … …at 3.9 σ 
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CP Measurement in H → ττ Decay
Parametrize τ-Yukawa coupling:
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SM Hττ coupling: CP-even (𝜙τ = 0°) 

ATLAS DRAFT

1 Introduction18

The measurement of the property of the Higgs boson (�) decay into a g lepton pair at the LHC [1–3]19

allows a direct probe of the charge conjugation and parity (⇠%) properties of the Yukawa coupling of the20

Higgs boson to the g lepton. The Standard Model (SM) of particle physics predicts the Higgs boson to be a21

⇠%-even (scalar) particle. The presence of a ⇠%-odd (pseudoscalar) admixture has not yet been excluded22

by the measurements. Any observed ⇠%-odd contribution to the �gg coupling properties would be a sign23

of physics beyond the SM.24

Studies of ⇠% properties of the Higgs boson interactions with gauge bosons performed by the ATLAS and25

CMS experiments [4–9] show no deviations from the SM predictions. Nevertheless, these measurements26

probe the bosonic couplings in which ⇠%-odd contributions enter only via higher-order operators that are27

suppressed by powers of 1/⇤2, where ⇤ is the scale of the new physics in an e�ective field theory; while in28

the case of the Yukawa couplings, the ⇠%-odd contribution can be present at the tree level [10]. Recently,29

measurements of the ⇠% properties of the interaction between the Higgs boson and top quarks have been30

performed by the ATLAS [11] and the CMS [12] Collaborations, excluding the pure ⇠%-odd structure of31

the top Yukawa coupling at 3.9f and 3.2f, respectively.32

This paper presents a measurement of the ⇠% properties of the Higgs boson interaction with g leptons. The33

measurement is based on ⇠%-sensitive angular observables defined by the visible g lepton decay products.34

Ideas to probe the ⇠%-odd and ⇠%-even admixture in the g lepton Yukawa coupling in the � ! gg decay35

were initially developed in the context of 4+4� colliders [13–17]. Originally hadronic decays of the g36

leptons to c
±
a, d

±
a were used and observables sensitive to the transverse spin correlations between the37

g lepton decay products were constructed. These methods, extended to ✓
±
(= 4

±
, `

±
)aa and 0

±

1 a decays38

and reevaluated in the context of ?? collisions of LHC experiments [18–22], are adopted in this analysis.39

Recently, a similar study was also performed by the CMS Collaboration [23].40

The general e�ective Yukawa interaction between Higgs boson � and g leptons can be parametrised as41

in [21, 22]:42

L�gg = �
<g

E

^g (cos qg ḡg + sin qg ḡ8W5g)� (1)

where E = 246 GeV is the vacuum expectation value of the Higgs field, ^g > 0 is the reduced Yukawa43

coupling strength, and qg (where qgn [�90�, 90�]) is the ⇠%-mixing angle that parametrises the relative44

contribution of the ⇠%-even and ⇠%-odd components to the �gg coupling. The SM ⇠%-even hypothesis45

is realised for qg = 0, while the pure ⇠%-odd scenario corresponds to qg = ±90�. Other values of qg46

represent admixture of both components and would indicate a ⇠%-violating scenario.47

The ⇠%-mixing angle qg is encoded in the correlations between the transverse spin components of the g48

leptons in the � ! gg decays, which are then reflected in the directions of the g lepton decay products. A49

signed acoplanarity angle i
⇤

CP between the g decay planes is sensitive to the transverse spin correlations50

impacted by the ⇠%-mixing angle of the Yukawa coupling. Such correlations are usually calculated by51

contracting polarimeter vectors of decayed g (defined by the g decay matrix elements) and spin density52

matrix of the g lepton pair spin state '8, 9 , which depends on the g lepton pair production process [24–26].53

In the case of Higgs boson decay, the density matrix '8, 9 has only transverse components with respect to54

the g lepton direction, which are first order trigonometric polynomials in 2qg angle, while the information55

about g lepton decay modes is contained in their polarimeter vectors. Per-event sensitivity to the⇠%-mixing56

depends on the g lepton pair decay modes and on how the polarimeter vectors and decay planes can be57

reconstructed from observable quantities. The signed acoplanarity angle between the g lepton decay planes58

26th April 2022 – 16:58 2

• Reconstruct τ decay modes
• Observable: signed acoplanarity angle between τ decay planes 

- spanned by impact parameter and/or decay products (π±, π0)

H → τ+τ- → π+π0ν π-ν
Pure CP-odd excluded 

at 3.0 σ (2.6 σ)

Zero momentum frame

• CP-odd in Higgs-Gauge interactions need higher-order operators • CP-odd in Higgs-fermion interactions (τ-Yukawa) can be tree-level!

Oct 2021
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Higgs couplings different?
• SM: Higgs interactions CP-even  test for CP-odd contributions→
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Dark Matter (DM)
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M(<r) =
rv2

G

Vera Rubin
     Galaxy rotation curves

No perfect DM candidate in SM!

~27% of total energy in Universe is DM

Cosmic Microwave Background
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Invisible Higgs Boson Decays
• Search for invisible decays of Higgs boson: addition to      ? 

- SM: ℬ (H → ZZ(*) → 4ν) ≈ 0.1 %

77

ΓH

Dark Matter ⇒ pmiss
T

Interpretation as decay into Dark Matterχ

χ

χ χ

H

nucleon

10.7 %
(7.7 %)

   Phys. Lett. B 842 (2023) 137963

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/


Karsten Köneke /31II. Physikalisches Institut

Additional Scalar/Higgs Bosons?

78

• Largest excess in   
at :   local
- Previous ATLAS deviation at  with 

 local (global) not confirmed

σ13 TeV (pp → X) ℬ (X → SH → bb̄γγ)
(mX, mS) = (235,60) GeV 2.0 σ

(mX, mS) = (235,60) GeV
3.5 σ (2.0 σ)

• Search: heavy scalar resonance  decaying to 
light scalar resonance  and  boson
- Run 2 + early Run 3 

X
S H125

July  2025
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H → γγ

• Search below mH = 125 GeV in  mass spectrumγγ

79
   Phys. Lett. B 860 (2025) 139067

-  @ 95% C.L.

- Present in different production modes: ggF+ttH,  VBF,  VH

σ × BR (H → γγ)
mH=95.4 GeV

< 73 fb
• Largest excess at :    local,  globalmH = 95.4 GeV 2.9 σ 1.3 σ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-002/
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H → γγ
• Model independent (generic spin-0, fiducial σ) and model dependent (SM-like Higgs, total σ) search in 66-110 GeV

- 3 categories of un/converted photons
- MVAs used for SM-like analysis to both mitigate background processes and classify events

80
   JHEP 01 (2025) 053

• Largest excess at :    localmH = 95.4 GeV 1.7 σ
-  @ 95% C.L.σ × BR (H → γγ)

mH=95.4 GeV
⪅ 50 fb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-12/
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H → γγ
• Model independent (generic spin-0, fiducial σ) and model dependent (SM-like Higgs, total σ) search in 66-110 GeV

- 3 categories of un/converted photons
- MVAs used for SM-like analysis to both mitigate background processes and classify events
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• Largest excess at :    localmH = 95.4 GeV 1.7 σ
-  @ 95% C.L.σ × BR (H → γγ)

mH=95.4 GeV
⪅ 50 fb

• Largest excess at :    local,  global
-  @ 95% C.L.

mH = 95.4 GeV 2.9 σ 1.3 σ

σ × BR (H → γγ)
mH=95.4 GeV

< 73 fb
   Phys. Lett. B 860 (2025) 139067

• Intriguing to see small bump at 
same mass…

- Quite low significances though…

• Let’s see what Run 3 has to say…

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-12/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-002/
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ϕ → τ+τ−

•  search, 60-3500 GeV:
- Final states: 
ϕ → ττ

eμ, eτhad, μτhad, τhadτhad

81
   JHEP 07 (2023) 073

:
-  local,  global;
- Best fit 
- p-value 50% (58%) for compatibility 

across  final states (data-taking years).

mϕ = 100 GeV
3.1 σ 2.7 σ

σggϕℬ (ϕ → ττ) = (5.8+2.5
−2.0) pb

ττ

:
-  local,  global; 
- Best fit 
- p-value 11% (63%) for compatibility across  final states (data-taking 

years).
- Excluded by ATLAS full Run-2 ( ) 

[Phys. Rev. Lett. 125 (2020) 051801];  
95% C.L. obs. (exp.) upper limit: ~1.7 fb (~2.7 fb)

mϕ = 1200 GeV
2.8 σ 2.2 σ

σggϕℬ (ϕ → ττ) = (3.1+1.0
−1.1) fb

ττ

200 < mϕ < 2500 GeV

:
-  local,  global;
- Best fit 

mϕ = 95 GeV
2.6 σ 2.3 σ

σggϕℬ (ϕ → ττ) = (7.8+3.9
−3.1) pb

- Not seen in  production
- No ATLAS counterpart yet (also not 

clearly seen in SM  measurement)

bbϕ

H → ττ

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-46/
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H++jj → W+W+jj → ℓνℓνjj
• Use SM measurement of EW 𝑊±𝑊±𝑗𝑗 production

• Search for  production in context of Georgi-Machacek model
- Assume 

H±±

BR (H±±
5 → W±W±) = 100 %

82
   JHEP 04 (2024) 026

Nature Physics | Volume 19 | February 2023 | 237–253 238

Article https://doi.org/10.1038/s41567-022-01757-y

transverse plane, φ being the azimuthal angle around the z-axis.  
The pseudorapidity is defined in terms of the polar angle θ as 
η = − ln tan(θ/2). The angular distance between two physics objects 

is measured in units of ΔR ≡

√

(Δη)

2

+ (Δϕ)

2 . The ATLAS detector 

consists of an inner tracking detector surrounded by a thin supercon-
ducting solenoid providing a 2 T axial magnetic field, electromagnetic 
and hadron calorimeters and a muon spectrometer. The inner tracking 
detector covers the pseudorapidity range ∣η∣ < 2.5. It consists of silicon 
pixel, silicon microstrip and transition radiation tracking detectors. 
Lead/liquid argon (LAr) sampling calorimeters provide electromag-
netic energy measurements with high granularity. A steel/scintilla-
tor tile hadron calorimeter covers the central pseudorapidity range 
(∣η∣ < 1.7). The endcap and forward regions are instrumented with LAr 
calorimeters for electromagnetic and hadronic energy measurements 
up to ∣η∣ = 4.9. The muon spectrometer covers the pseudorapidity range 
∣η∣ < 2.7 and is based on three large air-core toroidal superconducting 
magnets with eight coils each. The field integral of the toroids ranges 
between 2.0 and 6.0 T m across most of the detector. The muon spec-
trometer includes a system of precision tracking chambers and fast 
detectors for triggering. A two-level trigger system21 is used to select 
events for offline analysis. The first-level trigger is implemented in 
hardware and uses a subset of the detector information. This is fol-
lowed by the software-based high-level trigger, which reduces the event 
selection rate to about 1 kHz.

Data and simulation
The data for this analysis were recorded using single-lepton and 
multi-lepton triggers, corresponding to an integrated luminosity 
of 139 fb−1. The overall trigger efficiency for the inclusive ZZjj events 
selected for this analysis ranges from 95% to 99% for the inclusive sam-
ple of all final states considered.

The EW ZZjj production was modelled using the POWHEG-BOX 
v2 event generator22 with matrix elements (ME) calculated at next 
to leading order (NLO) in perturbative QCD (pQCD) and with the 
NNPDF3.0LO23 parton distribution functions (PDF). The contributions 
from triboson and VH processes in ℓℓℓℓjj and ℓℓννjj channels were esti-
mated using the MADGRAPH5_AMC@NLO 2.6.1 event generator24 with 
ME calculated at leading order (LO) in pQCD with the NNPDF3.0LO PDF. 
Reweighting factors were calculated as a function of mjj from the MAD-
GRAPH5_AMC@NLO events and applied to the POWHEG-V2 events. The 
effect is found to be below a few per cent level. The QCD ZZjj production 

all the measurements to date, VBS ZZ production is uniquely sensitive 
to the possible anomalous interaction between four Z bosons. This is 
forbidden at tree level in the SM, and the study of EW ZZjj production 
is therefore a direct test of an important prediction of the EW theory. 
Finally, precision measurements of high-mass VBS ZZ production also 
allow an almost model-independent measurement of the Higgs boson 
width. The Higgs width is precisely predicted by the SM and is sensitive 
to new phenomena in the Higgs sector. However, the current methods 
to extract the Higgs width (using the gluon–gluon fusion production 
mechanism) are known to fail for certain types of new phenomena, and 
the use of the VBS production mechanism was proposed to alleviate 
this problem17.

This article reports observation of EW ZZjj production at the LHC, 
as well as a measurement of the cross-sections of the inclusive (EW and 
non-EW) ZZjj processes. The set of 13 TeV pp collision data recorded 
by the ATLAS experiment during LHC Run 2 is used. The search is per-
formed in two final states where both Z bosons decay leptonically in 
final states with either four charged leptons and two jets (ℓℓℓℓjj), or 
two charged leptons, two neutrinos and two jets (ℓℓννjj). The defini-
tion of the signal region (SR) is optimized to suppress the reducible 
backgrounds coming from processes with different final states. Mul-
tivariate discriminants (MDs) are used to further separate the EW 
signal from the remaining backgrounds, including both the reducible 
ones and the irreducible non-EW ZZjj process, which contains two 
strong interactions at the lowest order in perturbation theory and 
is referred to as quantum chromodynamics (QCD) VVjj production. 
Figure 1 depicts the typical diagrams for both the EW VBS and QCD ZZjj 
processes. These MDs exploit the characteristics of VBS production, 
such as a large separation in rapidity between the two jets (∆y(jj)) as 
well as a large invariant mass of the jet pair (mjj). The production of 
ZZjj in which one or both Z bosons decay into electrons or muons via τ 
leptons is considered as signal, but it makes a negligible contribution 
to the selected event sample.

Experimental apparatus
The ATLAS experiment18–20 at the LHC uses a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry 
and a near 4π coverage in solid angle. ATLAS uses a right-handed coor-
dinate system with its origin at the nominal interaction point in the 
centre of the detector and the z-axis along the beam pipe. The x-axis 
points from the interaction point to the centre of the LHC ring, and the 
y-axis points upwards. Cylindrical coordinates (r, φ) are used in the 
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Fig. 1 | Typical Feynman diagrams for the production of ZZjj. a–d, The relevant 
EW VBS diagrams for the s-channel (a) and the t-channel production (b) through a 
Higgs boson, the weak-boson self-interaction process (c) and the production 
through exchange of a W boson (d). e–i, The relevant QCD diagrams for the 

tree-level production with different quark and gluon initial states (e–g), the box 
diagram without a Higgs boson (h) and the triangle diagram through a Higgs boson 
(i). Straight lines represent quarks (q, q′), spiral lines represent gluon (g), wavy lines 
represent W and Z bosons and the dashed lines represent the Higgs boson.

H±±
W±

W±
W±

W±

• Largest excess at  
-  local,  global
-  

mH++ = 450 GeV
3.3 σ 2.5 σ
σVBF (H±±

5 ) × BR (H±±
5 → W±W±)

= 72 ± 25 fb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
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transverse plane, φ being the azimuthal angle around the z-axis.  
The pseudorapidity is defined in terms of the polar angle θ as 
η = − ln tan(θ/2). The angular distance between two physics objects 

is measured in units of ΔR ≡

√

(Δη)

2

+ (Δϕ)

2 . The ATLAS detector 

consists of an inner tracking detector surrounded by a thin supercon-
ducting solenoid providing a 2 T axial magnetic field, electromagnetic 
and hadron calorimeters and a muon spectrometer. The inner tracking 
detector covers the pseudorapidity range ∣η∣ < 2.5. It consists of silicon 
pixel, silicon microstrip and transition radiation tracking detectors. 
Lead/liquid argon (LAr) sampling calorimeters provide electromag-
netic energy measurements with high granularity. A steel/scintilla-
tor tile hadron calorimeter covers the central pseudorapidity range 
(∣η∣ < 1.7). The endcap and forward regions are instrumented with LAr 
calorimeters for electromagnetic and hadronic energy measurements 
up to ∣η∣ = 4.9. The muon spectrometer covers the pseudorapidity range 
∣η∣ < 2.7 and is based on three large air-core toroidal superconducting 
magnets with eight coils each. The field integral of the toroids ranges 
between 2.0 and 6.0 T m across most of the detector. The muon spec-
trometer includes a system of precision tracking chambers and fast 
detectors for triggering. A two-level trigger system21 is used to select 
events for offline analysis. The first-level trigger is implemented in 
hardware and uses a subset of the detector information. This is fol-
lowed by the software-based high-level trigger, which reduces the event 
selection rate to about 1 kHz.

Data and simulation
The data for this analysis were recorded using single-lepton and 
multi-lepton triggers, corresponding to an integrated luminosity 
of 139 fb−1. The overall trigger efficiency for the inclusive ZZjj events 
selected for this analysis ranges from 95% to 99% for the inclusive sam-
ple of all final states considered.

The EW ZZjj production was modelled using the POWHEG-BOX 
v2 event generator22 with matrix elements (ME) calculated at next 
to leading order (NLO) in perturbative QCD (pQCD) and with the 
NNPDF3.0LO23 parton distribution functions (PDF). The contributions 
from triboson and VH processes in ℓℓℓℓjj and ℓℓννjj channels were esti-
mated using the MADGRAPH5_AMC@NLO 2.6.1 event generator24 with 
ME calculated at leading order (LO) in pQCD with the NNPDF3.0LO PDF. 
Reweighting factors were calculated as a function of mjj from the MAD-
GRAPH5_AMC@NLO events and applied to the POWHEG-V2 events. The 
effect is found to be below a few per cent level. The QCD ZZjj production 

all the measurements to date, VBS ZZ production is uniquely sensitive 
to the possible anomalous interaction between four Z bosons. This is 
forbidden at tree level in the SM, and the study of EW ZZjj production 
is therefore a direct test of an important prediction of the EW theory. 
Finally, precision measurements of high-mass VBS ZZ production also 
allow an almost model-independent measurement of the Higgs boson 
width. The Higgs width is precisely predicted by the SM and is sensitive 
to new phenomena in the Higgs sector. However, the current methods 
to extract the Higgs width (using the gluon–gluon fusion production 
mechanism) are known to fail for certain types of new phenomena, and 
the use of the VBS production mechanism was proposed to alleviate 
this problem17.

This article reports observation of EW ZZjj production at the LHC, 
as well as a measurement of the cross-sections of the inclusive (EW and 
non-EW) ZZjj processes. The set of 13 TeV pp collision data recorded 
by the ATLAS experiment during LHC Run 2 is used. The search is per-
formed in two final states where both Z bosons decay leptonically in 
final states with either four charged leptons and two jets (ℓℓℓℓjj), or 
two charged leptons, two neutrinos and two jets (ℓℓννjj). The defini-
tion of the signal region (SR) is optimized to suppress the reducible 
backgrounds coming from processes with different final states. Mul-
tivariate discriminants (MDs) are used to further separate the EW 
signal from the remaining backgrounds, including both the reducible 
ones and the irreducible non-EW ZZjj process, which contains two 
strong interactions at the lowest order in perturbation theory and 
is referred to as quantum chromodynamics (QCD) VVjj production. 
Figure 1 depicts the typical diagrams for both the EW VBS and QCD ZZjj 
processes. These MDs exploit the characteristics of VBS production, 
such as a large separation in rapidity between the two jets (∆y(jj)) as 
well as a large invariant mass of the jet pair (mjj). The production of 
ZZjj in which one or both Z bosons decay into electrons or muons via τ 
leptons is considered as signal, but it makes a negligible contribution 
to the selected event sample.

Experimental apparatus
The ATLAS experiment18–20 at the LHC uses a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry 
and a near 4π coverage in solid angle. ATLAS uses a right-handed coor-
dinate system with its origin at the nominal interaction point in the 
centre of the detector and the z-axis along the beam pipe. The x-axis 
points from the interaction point to the centre of the LHC ring, and the 
y-axis points upwards. Cylindrical coordinates (r, φ) are used in the 
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Fig. 1 | Typical Feynman diagrams for the production of ZZjj. a–d, The relevant 
EW VBS diagrams for the s-channel (a) and the t-channel production (b) through a 
Higgs boson, the weak-boson self-interaction process (c) and the production 
through exchange of a W boson (d). e–i, The relevant QCD diagrams for the 

tree-level production with different quark and gluon initial states (e–g), the box 
diagram without a Higgs boson (h) and the triangle diagram through a Higgs boson 
(i). Straight lines represent quarks (q, q′), spiral lines represent gluon (g), wavy lines 
represent W and Z bosons and the dashed lines represent the Higgs boson.
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   Eur. Phys. J. C 81 (2021) 723

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/
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σ(gg → HH) = 31.05 fb
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Figure 3: Total cross sections at the LO and NLO in QCD for HH production channels, at the
√

s =14 TeV LHC as a function of the
self-interaction coupling λ. The dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and
PDF uncertainties added linearly. The SM values of the cross sections are obtained at λ/λSM = 1.
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κλ = λ/λSM

SM

HH Production
• Map out Higgs potential
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ℒ ∋ − λv2H2 − λvH3 −
λ
4

H4
H self interactions

V(𝜙)

Re(𝜙)

Im(𝜙)

σ(VBF HH) = 1.726 fb 

arXiv:1401.7340

κλ = λ/λSMκλ = λ/λSM
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The Fate of our Universe
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Progress in TH Prediction (in a tiny nutshell)
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 Improvements in precision from 
the Lattice (until FCC-ee Z hadronic)
αS

PDFs already at 1% (CT18 - NNPDF) 
Discussions ongoing

Gavin Salam

- PDF and 


- Finite quark masses effects


- Missing EW and mixed EW-
QCD corrections


- Mismatch in the PDF (NNLO) 
and perturbative order N3LO


- Missing HO beyond N3LO

αS

Alexander Huss

Many more signal processes!

σggF = 48.68 ± 3.9 (scales) ± 1.9 (PDF) ± 2.6 (αS) Pb

Gavin Salam

Simon Plätzer
Frank Siegert 

Modelling of signal and background key!

- NLO QCD and EW predictions matched to PS 


- NNLO PS matching


- CPU time challenge
Marumi Kado
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Higgs and our Universe
• Higgs-boson interactions set the quark, electron, and W-boson masses with important consequences
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Role of elementary particle masses Consequence Higgs role 
established?

Up quarks (mass ~2.2 MeV) lighter than down quarks (mass ~ 4.7 MeV)

Proton   (up|up|down)                : 2.2 + 2.2 + 4.7 MeV + EM+strong force = 938.3 MeV 
Neutron (up|down|down)           : 2.2 + 4.7 + 4.7 MeV + EM+strong force = 939.6 MeV

Proton lighter than Neutron
⇒ Protons are stable
⇒ Hydrogen atom

No

Electron mass (me) sets size 
of atoms & energy levels of 

chemical reactions
No

W-boson mass (mW) sets  
rate of radioactive β-decay  

and burning of the sun
Yes

atomic radius  ∝
1

me

rate  ∝
1

m4
W

Adapted from Salam, Wang, Zanderighi, Nature 607 (2022) 7917 

Why is Yukawa interaction important?

Marco Delmastro Twelve years with the Higgs boson 51

• Why is elementary mass important? Two ideas…
ü Mass of quark u and d is responsible for difference of mass between 

neutron and proton, thus of proton stability, thus of existence of 
hydrogen atoms…

ü Mass of electron determines Bohr radius, thus dimensions of atoms, 
thus all chemistry…

In SM Yukawa interaction between Higgs 
and fermions gives fermions their mass… <latexit sha1_base64="fhpCNAEU04Zb3fp5Aqq9LOaPNAo=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgsVElVAQtSBQtjkehDaqLKcZ3Wqu0E20GKoqws/AoLAwix8gds/A1umwFajnSl43Pule89Qcyo0o7zbS0tr6yurZc2yptb2zu79t5+W0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfD3xOw9EKhqJO53GxOdoKGhIMdJG6tuQ9ym8hKfQCyXCWWpenkjyzFP3Ume1PO/bFafqTAEXiVuQCijQ7Ntf3iDCCSdCY4aU6rlOrP0MSU0xI3nZSxSJER6jIekZKhAnys+ml+Tw2CgDGEbSlNBwqv6eyBBXKuWB6eRIj9S8NxH/83qJDi/8jIo40UTg2UdhwqCO4CQWOKCSYM1SQxCW1OwK8QiZSLQJr2xCcOdPXiTtWtU9q9Zv65XGVRFHCRyCI3ACXHAOGuAGNEELYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wfDOJnL</latexit>

mi = �yi⌫p
2

<latexit sha1_base64="z1bzfuT2pOSba8piZGnLZAmf4Ns=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaiMEbSwjmAdklzA7mU2GzMyu8xDCsq2Nv2JjoYitf2Dn3zhJttDEAxcO59w7c++JUkaV9rxvp7S0vLK6Vl6vbGxube+4u3stlRiJSRMnLJGdCCnCqCBNTTUjnVQSxCNG2tHoeuK3H4hUNBF3epySkKOBoDHFSFup58JAGHgJg1ginAXc5Fmg7qXOAmbf6KM877lVr+ZNAReJX5AqKNDouV9BP8GGE6ExQ0p1fS/VYYakppiRvBIYRVKER2hAupYKxIkKs+klOTyySh/GibQlNJyqvycyxJUa88h2cqSHat6biP95XaPjizCjIjWaCDz7KDYM6gROYoF9KgnWbGwJwpLaXSEeIhuKtuFVbAj+/MmLpHVS889qp7en1fpVEUcZHIBDcAx8cA7q4AY0QBNg8AiewSt4c56cF+fd+Zi1lpxiZh/8gfP5AzLpmrE=</latexit>

⌫ =
µp
�

Why is Yukawa interaction important?

Marco Delmastro Twelve years with the Higgs boson 51

• Why is elementary mass important? Two ideas…
ü Mass of quark u and d is responsible for difference of mass between 

neutron and proton, thus of proton stability, thus of existence of 
hydrogen atoms…

ü Mass of electron determines Bohr radius, thus dimensions of atoms, 
thus all chemistry…

In SM Yukawa interaction between Higgs 
and fermions gives fermions their mass… <latexit sha1_base64="fhpCNAEU04Zb3fp5Aqq9LOaPNAo=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEgsVElVAQtSBQtjkehDaqLKcZ3Wqu0E20GKoqws/AoLAwix8gds/A1umwFajnSl43Pule89Qcyo0o7zbS0tr6yurZc2yptb2zu79t5+W0WJxKSFIxbJboAUYVSQlqaakW4sCeIBI51gfD3xOw9EKhqJO53GxOdoKGhIMdJG6tuQ9ym8hKfQCyXCWWpenkjyzFP3Ume1PO/bFafqTAEXiVuQCijQ7Ntf3iDCCSdCY4aU6rlOrP0MSU0xI3nZSxSJER6jIekZKhAnys+ml+Tw2CgDGEbSlNBwqv6eyBBXKuWB6eRIj9S8NxH/83qJDi/8jIo40UTg2UdhwqCO4CQWOKCSYM1SQxCW1OwK8QiZSLQJr2xCcOdPXiTtWtU9q9Zv65XGVRFHCRyCI3ACXHAOGuAGNEELYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8wfDOJnL</latexit>

mi = �yi⌫p
2

<latexit sha1_base64="z1bzfuT2pOSba8piZGnLZAmf4Ns=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaiMEbSwjmAdklzA7mU2GzMyu8xDCsq2Nv2JjoYitf2Dn3zhJttDEAxcO59w7c++JUkaV9rxvp7S0vLK6Vl6vbGxube+4u3stlRiJSRMnLJGdCCnCqCBNTTUjnVQSxCNG2tHoeuK3H4hUNBF3epySkKOBoDHFSFup58JAGHgJg1ginAXc5Fmg7qXOAmbf6KM877lVr+ZNAReJX5AqKNDouV9BP8GGE6ExQ0p1fS/VYYakppiRvBIYRVKER2hAupYKxIkKs+klOTyySh/GibQlNJyqvycyxJUa88h2cqSHat6biP95XaPjizCjIjWaCDz7KDYM6gROYoF9KgnWbGwJwpLaXSEeIhuKtuFVbAj+/MmLpHVS889qp7en1fpVEUcZHIBDcAx8cA7q4AY0QBNg8AiewSt4c56cF+fd+Zi1lpxiZh/8gfP5AzLpmrE=</latexit>

⌫ =
µp
�


