
29. 2. 2024

Karsten Köneke
karsten.koeneke@cern.ch 

The Higgs Boson
 

(HL-)LHC

Current and Future

mailto:karsten.koeneke@cern.ch


Karsten Köneke/46

Outline
1. Motivation
2. Mass and width
3. CP coupling structure
4. Decays into Bosons 

& fiducial and differential cross sections
5. Decays into Fermions 

& Simplified Template Cross Sections (STXS)
6. HH
7. Combinations and Interpretations
8. Another angle
9. Future
10. Summary 

2



Karsten Köneke/46

Motivation

3

not predicted!
mH =

p
2�v- Higgs boson with mass:

Tree level



Karsten Köneke/46

Motivation

3

not predicted!
mH =

p
2�v

mW =
vg

2
i
vg2

4
= i

m2
W

v

- W boson mass and interaction:

direct connection

- Higgs boson with mass:

Tree level



Karsten Köneke/46

Motivation

3

not predicted!
mH =

p
2�v

mW =
vg

2
i
vg2

4
= i

m2
W

v

- W boson mass and interaction:

direct connection

- Fermion masses and Yukawa interactions:

�i
mf

v
= �i

g

2

mf

mW

mf =
�fvp
2

direct connection

- Higgs boson with mass:

Tree level



Karsten Köneke/46

Motivation

3

not predicted!
mH =

p
2�v

mW =
vg

2
i
vg2

4
= i

m2
W

v

- W boson mass and interaction:

direct connection

- Fermion masses and Yukawa interactions:

�i
mf

v
= �i

g

2

mf

mW

mf =
�fvp
2

direct connection

- Higgs boson with mass:

- Higgs potential:
In SM: � =

1

2
m2

H
/v2

<latexit sha1_base64="HRlc6YMP4zWo4q39LitNfkyLZ+E=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmfGgm6EopsuK9gHdNqSSTNtaJIZkkyhDPMTbvwVNy4UcSu482/MtF1o64HA4Zxzyb3HjxhV2ra/rZXVtfWNzdxWfntnd2+/cHDYUGEsManjkIWy5SNFGBWkrqlmpBVJgrjPSNMf3WV+c0ykoqF40JOIdDgaCBpQjLSReoVzj5lwH8Eb6AUS4cRJEzeFvJd4HOmh5Ek1TbsuvIDjrtsrFO2SPQVcJs6cFMEctV7hy+uHOOZEaMyQUm3HjnQnQVJTzEia92JFIoRHaEDahgrEieok06tSeGqUPgxCaZ7QcKr+nkgQV2rCfZPMVlWLXib+57VjHVx3EiqiWBOBZx8FMYM6hFlFsE8lwZpNDEFYUrMrxENkytGmyLwpwVk8eZk03JJzWSrfl4uV23kdOXAMTsAZcMAVqIAqqIE6wOARPINX8GY9WS/Wu/Uxi65Y85kj8AfW5w/Y5p38</latexit>

Does HH 
production exist? H potential as in SM?

V (�) = µ2
�
�†�

�
+ �

�
�†�

�2

Tree level



Karsten Köneke/46

Higgs and our Universe

4

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 

• Higgs-boson interactions set the quark, electron, and W-boson masses with important consequences
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Higgs Boson at the LHC
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Production Decay

σggF = 48.5 pb (87 %)

σVBF = 3.78 pb (7 %)

σVH = 2.3 pb (4 %)

σttH = 0.5 pb (0.9 %)
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Higgs Boson Mass

7
   CMS-PAS-HIG-21-019    Phys. Rev. Lett. 131 (2023) 251802

H → ZZ* → 4𝓁:

mH =125.08 ± 0.11(stat) ± 0.05 (syst) GeV

ΓH < 60 MeV @ 68 % C.L. (≲320 MeV @ 95 % C.L.)

mH =125.08 ± 0.11(stat) ± 0.05 (syst) GeV

Sep  2023
Aug  2023

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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HL-LHC Higgs Boson Mass
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   CMS-PAS-FTR-21-008

H → ZZ* → 4𝓁:H → γγ

   CMS-PAS-FTR-21-007

we form four event categories: 4`, 44, 242`, 2`24, where 242` and 2`24 consider 24 or 2` to be the
closest to the nominal / mass, respectively. Beam spot information is used in measuring muon transverse
momenta, which improves the measurement precision by 5%. In decays H ! ZZ ! 4✓, one / boson (/1)
is often on-shell and its invariant mass distribution is expected to have a characteristic Breit-Wigner peak at
<2✓ ⇠ <

/
with a width ⇠ �

/
, and a low-mass o�-shell tail. We use this well-predicted <

/
line shape for

the SM Higgs boson decays as a constraint in the reconstruction of the momenta of the two leptons forming
the /1 pair. This helps to improve the four-lepton mass resolution by 9%. Categorization based on the
assessed per-event four-lepton mass resolution is introduced. Treating events with di�erent four-lepton mass
resolutions separately in the statistical framework of the Higgs boson mass measurement helps to improve
the measurement precision by 10%. Finally, we use a matrix element based kinematic discriminant that
helps to discriminate 66 ! � ! // ! 4✓ events from background @@̄/66 ! // ! 4✓. The usage of
such kinematic discriminant brings an additional 4% improvement in the Higgs boson mass measurement.
The dominant systematic uncertainties in the Higgs boson mass measurement are associated with how well
we know the muon/electron energy scales and four-lepton mass resolutions. In Run 2 we achieve 0.01%
(0.15%) uncertainties on the muon(electron) energy scale and 10% uncertainty on the four-lepton mass
resolution regardless of the flavors of the four leptons. We use these values in the presented projections.

Table 1 summarizes the projected Higgs boson mass and on-shell width measurements. For the purposes
of the mass measurement, the natural width of the Higgs boson is assumed to be much smaller than
the instrumental four-lepton mass resolution. In the width measurement, the Higgs boson mass is
treated as a nuisance parameter. The projected measurement uncertainty for the Higgs boson mass is
±22(stat) ± 20(syst) = ±30 MeV. From the by-channel breakdown of the results, it can be seen that the
overall Higgs boson mass precision would be nearly completely driven by the 4` final state, which would
be still statistically limited. The projected upper limits at 95% CL on the Higgs boson width are 177 MeV
with all statistical and systematic uncertainties, and 94 MeV for statistical uncertainties only. While this
upper limit on the width cannot reach the precision of the on-shell/o�-shell measurement discussed in
Section 2.1.3, it provides a complementary constraint limited only by detector resolution.

Table 1: Expected uncertainty on the Higgs boson mass measurement and 95 %CL upper limit on the Higgs boson
total width estimated in the H ! ZZ ! 4✓ channel for an integrated luminosity of 3000 fb�1.

Mass uncertainty (MeV) Width upper limit at 95 % CL (MeV)
Combined 4` 4e 2e2` 2`2e Combined

Stat. uncertainty 22 28 83 51 59 94
Syst. uncertainty 20 15 189 94 95 150

Total 30 32 206 107 112 177

In comparison to the Run 2, the CMS Detector will undergo substantial upgrades for the HL-LHC. Since
muon performance is the main contributor to the Higgs boson mass measurement, we highlight the expected
measurement implications for the 4` final state. Trigger and muon reconstruction e�ciencies for the 4`
events with all muons in the Run 2 acceptance phase space are not expected to change. With the new
Tracker, the four-muon invariant mass resolution at <4✓ ⇠ <

�
is expected to improve by 25%. The new

muon station ME0 will extend the CMS muon acceptance from |[ | <2.4 to 2.8 [15] with a net e�ect on
the accuracy of measuring the rate of � ! // ! 4` events of about 7%. A similar improvement in
the statistical uncertainty of the mass measurement can be reasonably expected. With these changes, the
statistical uncertainty on the Higgs boson mass measurement in the 4` channel can be expected to improve

11

Mar  2022

https://cds.cern.ch/record/2804042
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-007/index.html
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Impact of mH 

9

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

Δtheo Δexp ΔmH

BR(ZZ) ±1% ~10% ±2.5%
σVBF ±2% ~11% ±0.3%

⇒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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Indirect Contraints on Higgs Boson Width
• Use H → ZZ(*) → 4𝓁 and 2𝓁2ν 

• Results:
- Evidence for off-shell production:  3.6 σ

-  

- Evidence for off-shell production:  3.3 σ

-                         

10

ΓH = 3.2+2.4
−1.7 MeV Feb  2022

   Nat. Phys. 18 (2022) 1329

ΓH = 4.5+3.3
−2.5 MeV

   Phys. Lett. B 846 (2023) 138223

Apr  2023

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
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Invisible Higgs Boson Decays
• Search for invisible decays of Higgs boson: addition to      ? 

- SM: BR(H → ZZ(*) → 4ν) ≈ 0.1 % 
- Interpretation as decay into Dark Matter

11

0.107 
(0.077)

ΓH

⇒        DELPHES VBF analysis for 3000 fb-1: BR(H → inv.) < 3.8 % @ 95% C.L. [CMS-PAS-FTR-18-016]

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-016/index.html
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CP Measurement in HVV Coupling
CP-odd through interference of SM with dim-6 CP-odd:

13

VBF production (H → γγ)
VBF production and 

H → ZZ* → 4𝓁 decay

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

2
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   arXiv:2304.09612

April 2023

   Phys. Rev. Lett. 131 (2023) 061802

Aug 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-30/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-08/
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CP Measurement in H → ττ Decay
Parametrize τ-Yukawa coupling:

14

SM Hττ coupling: CP-even (𝜙τ = 0°) 

   Eur. Phys. J. C 83 (2023) 563

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

⇒        𝜙τ = -1 ± 19° (0 ± 21°) [JHEP 06 (2022) 012]

• 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
𝜙τ = 9 ± 5°(syst) ± 16°(stat)  

(expected: 0 ± 28°)

Pure CP-odd excluded 
at 3.4 σ (2.1 σ)

Zero momentum frame [0° < φ*CP < 360°] [0° < φ*CP < 360°] [0° < φ*CP < 360°] [0°<φ*CP<360°]

• CP-odd in Higgs-Gauge interactions need higher-order operators • CP-odd in Higgs-fermion interactions (τ-Yukawa) can be tree-level!
Dec 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-10/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
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HL-LHC CP Measurement in H → ττ Decay
Parametrize τ-Yukawa coupling:

15

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

   JHEP 06 (2022) 012
Current 1 σ range

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/
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Outline
1. Introduction

2. Mass and width measurements

3. CP coupling structure

4. Decays into Bosons 
& fiducial and differential cross sections

5. Decays into Fermions 
& Simplified Template Cross Sections (STXS)

6. HH

7. Combinations and Interpretations

8. Another angle

9. Future

10. Summary 
16
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H → Zγ  

17

• Small BRSM(H → Zγ) ≈ 0.15%
- BRSM(Z → 𝓁𝓁) ≈ 3.4%  
⇒ BRSM(H → Zγ → 𝓁𝓁γ) = 0.01%

⇒ ~765 H → Zγ → 𝓁𝓁γ events in 139 fb-1   
and difficult kinematics

• First evidence from ATLAS+CMS 
combination:
- Observed signal yield = 2.2 ± 0.7 × SM 
- Observed (expected) significance: 3.4 σ (1.6 σ)

   Phys. Rev. Lett. 132 (2024) 021803

Sep  2023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/
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Combination: H → γγ and H → ZZ* → 4𝓁

18

Jan 2022

Extrapolate to  
full phase space

Measure y(H), Njet, pT(jet 1), 
and pT(H) 

58.2 ± 8.7 pb  
(SM: 59.9 ± 2.6 pb)

Total cross section: 

   Eur. Phys. J. C 84 (2024) 78

   JHEP 05 (2023) 028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-12/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/
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• Differential cross sections

19

H → WW* → 𝓁ν𝓁ν

   Phys. Rev. D 108 (2023) 072003

VBF phase space
April 2023

   Eur. Phys. J. C 83 (2023) 774

ggF production
Jan 2023

All H → WW* → 𝓁ν𝓁ν 
July 2020

   JHEP 03 (2021) 003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-25/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-49/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002/index.html
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Outline
1. Introduction
2. Mass and width measurements
3. CP coupling structure
4. Decays into Bosons 

& fiducial and differential cross sections

5. Decays into Fermions 
& Simplified Template Cross Sections (STXS)

- Measure production-mode specific cross sections  
in exclusive kinematic phase spaces

6. HH
7. Combinations and Interpretations
8. Another angle
9. Future
10. Summary 
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H → bb

21
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

• H → bb dominant decay channel (BR ~58%)
• 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 138 fb-1

   arXiv:2312.07562

Dec 2023

• Resolved & boosted channels
• DNNs & BDTs for signal extraction

-

19

of the template with respect to the nominal is smoothed. The uncertainty sources that show
the largest fraction of bin-to-bin fluctuations are the JES, JER, and PU uncertainties. For those
uncertainties, the smoothing procedure is applied to all processes in the analysis SRs. Freely
floating parameters, termed process scale factors, accounting for the difference in normaliza-
tion between simulation and data for the main background processes, namely tt, V+udsg, V+c,
V+b, and V+bb, are constrained in the CRs and SRs. In the 0- and 2-lepton channels, the V+b
and V+bb components are split by employing freely floating parameters. In the 1-lepton chan-
nel, a freely floating parameter for the V+bb process is used in addition to a prior constraint
that governs the ratio of V+b to V+bb. This implementation is employed because the number
of V+b events in the 1-lepton channel is limited due to the tight b tagging requirement applied
in the selection.

To allow for shape variations in the categories targeting different STXS bins, linear variations
as a function of the reconstructed pT(V) are constrained in the CRs. These linear variation
uncertainties are anticorrelated following the STXS categorization at the pT(V) boundaries of
150 GeV (2-lepton channel only) and 250 GeV (all channels), for all processes. Additional uncon-
strained parameters, used to measure flavor tagging scale factors in situ in the boosted analysis
regions, are employed to account for the (mis)tagging efficiency difference between data and
simulation for high-momentum light-quark, c, and b jets. The procedure is described in more
detail in Section 5.3. These parameters are treated as fully correlated between channels, and are
not correlated with the background process scale factors. As discussed in Section 6, the pro-
cess scale factors and in situ flavor tagging scale factors are fully uncorrelated between lepton
flavors.

Figure 4 shows the correlation matrix of the signal strengths split by STXS bin for the analysis
of all data-taking years combined. As expected (see Section 5.1), the signal strengths for the
medium pT(V) STXS bins with 0 and at least 1 jet exhibit the largest correlation (�21%). The
fractional contribution of each STXS bin to the total signal in each category is shown in Fig. 5.
The signal purity is higher in the 2-lepton channel than in the 0- and 1-lepton channels.
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CMS  (13 TeV)-1138 fb

Figure 4: Correlation matrix of the parameters of interest in the STXS measurement. The vector
boson momenta have units of GeV.

The inclusive signal strength extracted from a simultaneous maximum likelihood fit of the
SRs and CRs, combining all three data-taking years, is µ = 1.15+0.22

�0.20, where the uncertainties

⇒       New ATLAS V(qq)H(bb) boosted result

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-001/index.html
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Homing in on new H channelsHoming in on new H channels

2015

+

2016

Hunt for H b→ b decay 
in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

c

c

H → cc
• H → cc 2nd generation decay channel (BR ~2.9%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → 𝓁ν)
- 2 lepton (Z → 𝓁𝓁)
⇒ ~1500 V(→leptons)H(→cc) events in 139 fb-1

22

Observed (expected) limit on  
Higgs-charm coupling modifier:  

1.1 < |κc| < 5.5 (|κc| < 3.4)  (95% C.L.)

⇒       ATLAS result

May 2022

a :=
ga

(ga)SM
c

c

c

   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 
 
- Kappa framework (observed signals from single resonance; coupling structure as in SM):  
  Introduce LO coupling modifiers:   

H

w,t

w,t
g

g
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w,t κγ=κγ (κt, κW) 
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gb H 
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_ 
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c

c

c
µ :=

�i · Bf

(�i · Bf )SM
=

observed rate

expected rate

   Phys. Rev. Lett. 131 (2023) 061801

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-008/index.html
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Combined κb and κc extraction
• Combine information from pT(H) with VH(bb) and VH(cc):

23
   JHEP 05 (2023) 028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/
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HL-LHC Combination: H → bb and H → cc

24

Moderate correlation of -11%

c

c

Nov 2021

Table 3: Uncertainty on the coupling modifier ^
`

at 3000 fb�1.

Statistical Experimental Theoretical Total

S1
Snowmass 2013 - - - 8.0%

YR 2018 4.7% 2.7% 3.9% 6.7%
Snowmass 2021 3.2% 1.9% 2.2% 4.3%

S2
Snowmass 2013 - - - 7.5%

YR 2018 4.7% 1.5% 1.1% 5.0%
Snowmass 2021 3.2% 1.1% 0.8% 3.5%

assigned to the 22̄ categories and removed from the 11̄ categories if the 22̄ discriminant is higher than the
11̄-discriminant, and vice versa.

For the projection, the yields of the signal and background processes are scaled to an integrated luminosity
of 3000 fb�1. Di�erences in the production cross sections at

p
B = 14 TeV and

p
B = 13 TeV are also taken

into account with an inclusive scaling factor for each process. The YR18 systematic uncertainties are
used except for the uncertainties on the 11̄ and 22̄ tagging e�ciencies, which are directly constrained in
the analysis by the +/ (/ ! 11̄) and +/ (/ ! 22̄) events, to approximately 3% and 5%, respectively.
Misidentification of a 11̄ pair as a 22̄ pair has a significant impact on the determination of the+� (� ! 22̄)

signal strength, and the uncertainty of the misidentification rate is assumed to be 20% at the HL-LHC.
Uncertainty due to the limited size of Run 2 simulated samples are neglected in the projection.

A combined fit of the 11̄- and 22̄-enriched categories is performed to simultaneously measure the
+� (� ! 11̄) and +� (� ! 22̄) processes. The expected best fit values of the signal strength modifiers
are:

`
+ � (�!11̄)

= 1.00 ± 0.03(stat) ± 0.04(syst),
`
+ � (�!22̄) = 1.0 ± 0.6(stat) ± 0.5(syst).

The 2D profile likelihood scan as a function of `
+ � (�!11̄)

and `
+ � (�!22̄) is displayed in Figure 5(a).

The result is interpreted in the ^-framework and a 2D profile likelihood scan as a function of ^
1

and ^
2

is
shown in Figure 5(b), where all the other Higgs couplings are fixed at the SM values.

2.2.6 Search for rare Higgs boson decays with mesons with CMS at the HL-LHC [60]

Rare decays of the Higgs boson into final states with quarkonium mesons & have very low branching
fractions in the SM, but they are promising laboratories to search for BSM physics. Such BSM physics
might alter Yukawa couplings to quarks, possibly resulting in higher decay rates than predicted by the
SM. In the SM, the Higgs decay vertices in the contributing amplitudes at leading order for the decay
channels W&, /&, and && are the same. First measurements at LHC find 95% CL upper limits on
the branching fractions about 2 to 3 orders of magnitude larger than predicted by the SM [40]. Two
decays of the 125 GeV Higgs boson are considered to benchmark the 95% CL upper limit reach with
the CMS detector at the HL-LHC: into /�/k with sizable background, and into ⌥ pairs with negligible
background. Both are representative for the di�erent decay channels including mesons. The / boson
and the �/k and ⌥ mesons are reconstructed from their decay into `

+
`
�. The channel with / ! 4

+
4
� is

also included. The signal is searched for as resonant peak in the distribution of the four-lepton invariant
mass. The results are obtained with MC simulated signal events and pseudodata simulated based on

16

   ATL-PHYS-PUB-2021-039   CMS-PAS-FTR-22-001

Aug 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-039/
https://cds.cern.ch/record/2806962
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Relative sign between HZZ and HWW coupling
• Use interference in VBF WH production

- H → bb and W → ℓν
- Observed (expected) σ(VBF WH) < 9.0 (8.7) × SM
- Opposite-sign coupling rejected ≫ 5 σ

25

FIT

   arXiv:2402.00426

Feb 2024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-21/
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ttH, H → bb

26

• Tree-level top-Yukawa measurement
- Difficult topology, many objects in final state
- Very difficult to predict and model dominant ttbb background 
- Employ machine learning; measure pT(H)
- ATLAS obs. (exp.) significance: 1.0 (2.7) σ 
- CMS obs. (exp.) significance: 1.3 (4.1) σ 

   JHEP 06 (2022) 97

Nov 2021

Aug 2023

   CMS-PAS-HIG-19-011

⇒         Projection from analysis of 2016+2017 data
         in the opposite-sign di-leptonic channel

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
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H → ττ and HL-LHC 

27

   JHEP 08 (2022) 175
   ATL-PHYS-PUB-2022-003Feb 2022

Jan 2022

⇒              More  

• Strongest coupling to leptons
- BRSM(H → ττ) = 6.3% ⇒ ~485 000 H → ττ events in 139 fb-1; ~12.6 M in 3 ab-1

⇒         Boosted H → ττ result

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-003/
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H → µµ

28

ATLAS result:
• Signal strength µ =1.2 ± 0.6   
• Observed (expected) significance: 2.0 (1.7) σ 
• Observed (expected) upper limit on BR: 2.2 (1.1) × SM (95% C.L.)

   JHEP 01 (2021) 148

• SM branching ratio:
- BRSM(H → µµ) = 2.18 ×10-4

⇒ ~1700 H → µµ events in 137 fb-1,  
huge Z/γ* → µµ background

• Results:
- Signal strength µ = 1.19 +0.44-0.42  
- Observed (expected) significance:  3.0 (2.5) σ 

   Phys. Lett. B 812 (2021) 135980

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
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HL-LHC H → µµ

29
   CMS-PAS-FTR-21-006 

• Takes into account expected 
CMS Phase-2 detector upgrades

• Based on 137 fb-1 result!
- κµ uncertainty 30-35% smaller 

w.r.t. previous projections

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-006/index.html
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direct connectionDoes HH 
production exist? H potential as in SM?

V (�) = µ2
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Di-Higgs Production

31

• “Large” BR & clean signatures:
- BRSM(HH → bbbb) = 33%  ⇒  ~1430 events in 139 fb-1  
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 139 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~11 events in 139 fb-1  

HH

1428th February 2020 Katharine Leney

All HH decay 
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targeted 

analyses, or by 
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7.3%

Nov 2022

   Phys. Lett. B 843 (2023) 137745

Improved results:
Obs.   Exp.
4.0    5.0

5.9    3.1

   JHEP 01 (2024) 066

   ATLAS-CONF-2023-071

   Summary Plots

March 2023

• σ(gg → HH) = 31.05 fb 
⇒ ~4300 events in 139 fb-1 

HH

1428th February 2020 Katharine Leney

All HH decay 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma
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Extracting Trilinear Higgs Coupling λHHH

32

   ATL-PHYS-PUB-2019-009

HH

1428th February 2020 Katharine Leney
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BSM models

VBF
σ = 1.726 fb

Self-coupling modifier: κλ
VVHH coupling modifier: κ2V

Gluon fusion
σ = 31.05 fb

Self-coupling modifier:  
κλ = λHHH /λHHH  SM

Single-Higgs
Sensitivity to κλ via 

higher-order corrections: 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
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Extracting Trilinear Higgs Coupling λHHH

32

   ATL-PHYS-PUB-2019-009
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All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-𝓁/τ/γ final 

states).

Gluon fusion   
σ = 31.05 fb 

Self-coupling, λ 

VBF 
σ = 1.726 fb 

VVHH coupling, c2V St
an

da
rd

 M
od

el
BS

M

Also X→SH (S = scalar, m≠125 GeV)

Close links with 
LHC-HH group 

re theory 
developments, 
and benchmark 

BSM models

VBF
σ = 1.726 fb

Self-coupling modifier: κλ
VVHH coupling modifier: κ2V

Gluon fusion
σ = 31.05 fb

Self-coupling modifier:  
κλ = λHHH /λHHH  SM

Single-Higgs
Sensitivity to κλ via 

higher-order corrections: 

   Phys. Lett. B 843 (2023) 137745

95% C.L. constraints on κλ 
observed (expected):

−0.4 < κλ < 6.3
(−1.3 < κλ < 6.1)

−1.2 < κλ < 7.5
(−2.0 < κλ < 7.7)

CMS-PAS-HIG-23-006

Nov 2023

Nov 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html


Karsten Köneke/46

HH at HL-LHC
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• HL-LHC extrapolation from full Run 2 combination of: 
- BRSM(HH → bbbb) = 33%  ⇒  ~38400 events in 3000 fb-1  
- BRSM(HH → bbττ) = 7.4%  ⇒  ~6900 events in 3000 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~240 events in 3000 fb-1 

⇒       +       (3+3 ab-1, all channels) from CERN HL-LHC Yellow Report (w/ systematics): HH significance: 4.0 σ and 0.52 < κλ < 1.5 @ 68% C.L.
⇒      bbγγ expected significance at 3000 fb-1: 2.16 σ [CMS-PAS-FTR-21-004]

   ATL-PHYS-PUB-2022-053

Nov 2022

https://cds.cern.ch/record/2703572
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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Production Modes
Main production modes observed (assume SM branching ratios)

35

Global

The statistical test of a given signal hypothesis, used for the measurement of the parameters of interest, is
performed with a test statistic based on the profile likelihood ratio [52]. The confidence intervals of the
measured parameters and the ?-value used to test the compatibility of the results and the SM predictions
are constructed from the test statistic distribution, which is obtained using asymptotic formulae [52].

The total uncertainty in the measurement of a given parameter of interest can be decomposed into di�erent
components. The statistical uncertainty is obtained from a fit with all externally constrained nuisance
parameters set to their best-fit values. The systematic uncertainty, whose squared value is evaluated as the
di�erence between the squares of the total uncertainty and the statistical uncertainty, can be decomposed
into categories by setting all relevant subsets of nuisance parameters to their best-fit values.

Combined measurement with ATLAS Run 2 data

The Higgs boson production rates are probed by the likelihood fit to observed signal yields described earlier.
As the production cross section f8 and the branching fraction ⌫ 5 for a specific production process 8 and
decay mode 5 cannot be measured separately without further assumptions, the observed signal yield for a

given process is expressed in terms of a single signal-strength modifier `8 5 =
�
f8/fSM

8

�
⇥
⇣
⌫ 5 /⌫SM

5

⌘
,

where the superscript ‘SM’ denotes the corresponding SM prediction. Assuming that all production and
decay processes scale with the same global signal strength ` = `8 5 , the inclusive Higgs boson production
rate relative to the SM prediction is measured to be

` = 1.05 ± 0.06 = 1.05 ± 0.03 (stat.) ± 0.03 (exp.) ± 0.04 (sig. th.) ± 0.02 (bkg. th.).

The total measurement uncertainty is decomposed into components for statistical uncertainties, experimental
systematic uncertainties, and theory uncertainties in both signal and background modelling. Both the
experimental and the theoretical uncertainties are almost a factor of two lower than in the Run 1 result [20].
The presented measurement supersedes the previous ATLAS combination with a partial Run 2 dataset [22],
decreasing the latest total measurement uncertainty by about 30%.

Higgs boson production is also studied per individual process. As opposed to the top-quark decay products
from CC� production, the identification e�ciency of 1-jets from the 11̄� production is low, making the
11̄� process experimentally indistinguishable from ggF production. The 11̄� and ggF processes are
therefore grouped together, with 11̄� contributing by a relatively small amount of the order of 1% to the
total ggF+11̄� production. In cases where several processes are combined, the combination assumes the
relative fractions of the components to be those from the SM within corresponding theory uncertainties.
Results are obtained from the fit to the data, where the cross section of each production process is a
free parameter of the fit. Higgs boson decay branching fractions are set to their SM values, within the
uncertainties specified in Ref. [44]. The results are shown in Figure 2(a).

All measurement results are compatible with the SM predictions. For the ggF and VBF production
processes, which were already observed in Run 1 data, the cross sections are measured with a precision
of 7% and 12%, respectively. The following production processes are now also observed: ,� with an
observed (expected) signal significance of 5.8 (5.1) standard deviations (f), /� with 5.0f (5.5f) and the
combined CC̄� and C� production processes with 6.4f (6.6f), where the expected signal significances are
obtained under the SM hypothesis. The separate CC̄� and C� measurements lead to an observed (expected)
upper limit on C� production of 15 (7) times the SM prediction at the 95% confidence level (CL), with
a relatively large negative correlation coe�cient of 56% between the two measurements. This is due to
cross-contamination between the CC̄� and C� processes in the set of reconstructed events that provide the
highest sensitivity to these production processes.

6

   Nature 607, 52–59 (2022)

July 2022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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Combined STXS Measurement
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• Measurements in many kinematic regions
   Nature 607, 52–59 (2022)

July 2022

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

37

• EFT interpretation of Nature combination

• 19 EFT parameters fitted simultaneously!
- Eigenvector rotation  

(to remove insensitive directions) 

Opens the window to global combined analyses!

   arXiv:2402.05742

Feb 2024

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-17/
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Higgs
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Vector Boson Scattering
• Brout-Englert-Higgs mechanism: 
⇒ Mass to W boson: adds longitudinal  

W-boson polarization mode

39

Observe electroweak production of W±W± +2-jets with 6.5 σ 

Observe longitudinal WW production

Personal overlay!

   PRL 123 (2019) 161801    CMS PAS FTR-22-001

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/
https://cds.cern.ch/record/2806962
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High Luminosity LHC (HL-LHC)
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Progress in TH Prediction (in a tiny nutshell)

42

 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 at Higgs2021

https://indico.cern.ch/event/1030068/timetable/?view=standard#71-atlascms-higgs-in-the-light
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Higgs Couplings at HL-LHC

• Dataset 25× larger

• Uncertainty reduction  
by factor 3

• Theory uncertainties 
dominant

43
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   Nature 607, 52–59 (2022)

   Nature 607 (2022) 60-68

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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A bright Future…

44

3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

arXiv:1905.03764

https://arxiv.org/abs/1905.03764
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preted as a nearly model-independent measurement of the total decay width. Therefore the
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of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.
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with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
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Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
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combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

Current precision ~6%

https://arxiv.org/abs/1905.03764


Karsten Köneke/46

Summary

46

What we know about the Higgs boson
• All measured quantities are consistent with SM 

Significant progress in theory, essential for precise measurements and interpretations
• e.g. improved calculation of ggF cross section (N3LO QCD) ⇒ theory uncertainty: 8.5% ⟶ 5.0%, 

more improvements ongoing…

New era of precision and interpretation
• More and more “boosted” analyses and other things that were not possible before

LHC Run 3 will give us another boost in our understanding
• Not only due to higher statistical precision, but also to the ingenuity of people!

Future upgrades and accelerators will dramatically improve our understanding of the mass generating  
mechanism
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Higgs Boson Width
• Expected width: ΓH,SM = 4.1 MeV

- Direct limit: ΓH < 60 MeV @ 68% CL (~15 × ΓH,SM)

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

48

  Phys. Rev. D 92, 072010 (2015)

Illustration

   CMS-PAS-HIG-21-019 

https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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- Cross section far above resonance (“off-shell”):
~10% of all pp → H → ZZ

  Phys. Rev. D 92, 072010 (2015)

Illustration

   CMS-PAS-HIG-21-019 

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
https://arxiv.org/abs/1507.06656
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-019/index.html
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• Analysis strategy:
- Identify CP-sensitive variables (angular variables, pT(H),…) - Often use multivariate analysis to: 

- combine CP-sensitive information
- separate signal from backgroundSM CP-even CP-odd

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

4

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�

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

2

SM ttH coupling: CP-even  
(            or α = 0°) ̃t = 0
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• Results: 
- |α| > 43° excluded (95% C.L.)
- Pure CP-odd coupling excluded at 3.9 σ 

• Results: 
- Signal strength:  

µ =1.4 ± 0.4 (stat.) ± 0.2 (sys.)
- Significance: 5.2 σ
- tH rate < 12 × SM @ 95% C.L.

• Expect ~160 events in 139 fb-1 

The observation of Higgs boson production in association with top quarks at the LHC [1, 2] provides an
opportunity to probe the charge conjugation and parity (CP) properties of the Yukawa coupling of the
Higgs boson to the top quark. The Standard Model (SM) of particle physics predicts the Higgs boson to
be a scalar particle (J

CP = 0++) with a prescribed coupling to the top quark. However, the presence of
a J

CP = 0+� pseudoscalar admixture, which introduces a second coupling to the top quark, has not yet
been excluded. This Letter presents a search for CP-violation in this coupling and measurements of the
production rate of the Higgs boson, via its decay into two photons, in association with top quarks. Recently,
the CMS Collaboration performed a similar study [3].

Studies of CP properties of the Higgs boson interactions with gauge bosons have been performed by the
ATLAS and CMS experiments [4–9]; the results show no deviations from the SM predictions. However,
these measurements probe only the bosonic couplings in which CP-odd contributions enter only via
higher-order operators that are suppressed by powers of 1/⇤2 [10], where ⇤ is the scale of the new physics
in an e�ective field theory (EFT). In the case of the Yukawa couplings, the CP-odd contributions are not
suppressed by powers of 1/⇤2.

The CP properties of the top Yukawa coupling can be probed directly using Higgs boson production in
association with top quarks: tt̄H and tH (tH jb and tWH) processes. The couplings impact the production
rates [11–13] and some kinematic distributions. The tH rate is particularly sensitive to deviations from SM
couplings due to destructive interference in the SM between diagrams where the Higgs boson radiates from
a top quark and from a W boson. The presence of CP-mixing in the top Yukawa coupling also modifies the
gluon–gluon fusion (ggF) production rate and the H ! �� decay rate.

This analysis is performed using 139 fb�1 of
p

s = 13 TeV proton–proton (pp) collision data recorded
from 2015 to 2018 with the ATLAS detector. The ATLAS detector [14–16] is a multipurpose particle
detector with a forward–backward symmetric cylindrical geometry and near 4⇡ coverage in solid angle.1 It
consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer (MS) incorporating three large air-core toroidal
superconducting magnets. The ID covers the pseudorapidity range |⌘ | < 2.5 for charged-particle tracking.
The calorimeters provide energy measurements up to |⌘ | = 4.9. The MS, covering |⌘ | < 2.7, has a
system of precision tracking chambers and fast detectors for triggering. The trigger system consists of a
hardware-based first-level trigger and a software-based high-level trigger [17]. Events used in this analysis
were triggered by requiring two photons with a loose identification requirement [18] in the 2015–2016
data-taking period and transverse energies of at least 25 GeV and 35 GeV for the subleading and leading
photons, respectively. Due to the greater instantaneous luminosity, the photon trigger identification
requirement was tightened in the 2017–2018 data-taking period. The average trigger e�ciency is over 98%
for events passing the full diphoton event selection.

The EFT definition used in this Letter is provided by the Higgs Characterization model [19], which is
implemented in the M��G����5_�MC@NLO generator [20]. Within this model, the term in the e�ective
Lagrangian that describes the top Yukawa coupling is:

L = � mt

v

�
 ̄t t [cos(↵) + i sin(↵)�5] t

 
H

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

2

• Parametrize ttH coupling:

• SM ttH coupling: CP-even (α=0) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
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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

2

SM ttH coupling: CP-even  
(            or α = 0°) ̃t = 0
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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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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�

• CP-odd in Higgs-Gauge interactions need higher-order operators
• CP-odd in top-Yukawa can be tree-level

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 → bb topology
Dominant ttbb background difficult to model

- Pure CP-odd coupling excluded at 3.7 σ … …at 1.2 σ 
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Probing the IV nature of the top-Higgs Yukawa

coupling in t t̄N and tN events with N ! bb̄ using

the ATLAS detector at the LHC

The ATLAS Collaboration

This note presents an investigation of the ⇠% properties of the coupling between the Higgs
boson and the top quark, employing 139 fb�1 of proton–proton collision data recorded by
the ATLAS experiment at a centre-of-mass energy of

p
B = 13 TeV. The ⇠% structure of the

top-Higgs boson Yukawa coupling is probed in events with a Higgs boson decaying to a pair
of 1 quarks and produced in association with a pair of top quarks, CC̄�, or a single top quark,
C�. Events containing one or two electrons or muons are used for the measurement. In an
extension of the Standard Model with a CP-odd admixture to the top-Higgs Yukawa coupling,
the mixing angle between ⇠%-even and ⇠%-odd couplings is measured to be U = 11�+55�

�77� . A
pure ⇠%-odd coupling is disfavoured by the data at 1.2 f confidence level.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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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
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⇒ Differential cross-section measurements; 
Comparison with theory predictions
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Charm-Higgs Coupling from pT(H)
• Idea:  pT(H) sensitiv to Charm-Yukawa coupling:

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

Gluon

Gluon
t,b,c

- Direct cc → H production

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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Combination: H → γγ and H → ZZ* → 4𝓁
• Measure σtot, yH, Njet, pT(jet 1), pT(H) 
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• Combined interpretation from separate pT(H) distributions
⇒         More  

Only modifications to pT(H) shape Shape & coupling dependent on BR

July 2022

May 2023
   JHEP 08 (2023) 040

Only H → ZZ* → 4𝓁

   JHEP 05 (2023) 028

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-009/index.html
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Combination: H → γγ and H → ZZ* → 4𝓁
• Measure σtot, yH, Njet, pT(jet 1), pT(H) 
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- Only modifications to pT(H) shape are considered for these results
• Combined interpretation from separate pT(H) distributions

⇒         More  

   JHEP 05 (2023) 028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-04/


Karsten Köneke/46

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
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Signal strength:

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate

H → WW* → eνµν
• Large BRSM(H → WW*) ≈ 22%

- BRSM(W → 𝓁ν) ≈ 10.8%  
⨉ BRSM(H → WW* → eνµν) = 0.5%

⇒ ~40 000 H → WW* → eνµν events in 139 fb-1,  
but difficult backgrounds…
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8 Signal region yields and results

Table 5 shows the post-fit SR yields for all of the four analysis categories defined in Section 4. The
uncertainty on the total expected yield reflects the knowledge of the observed yield in each analysis category
and is not indicative of the precision of the analysis.

Table 5: Post-fit MC and data yields in the ggF and VBF SRs. Yields in the bin with the highest VBF DNN output are
also presented. The quoted uncertainties correspond to the statistical uncertainties, together with the experimental
and theory modelling systematic uncertainties. The sum of all the contributions may di�er from the total value due
to rounding. Moreover, the uncertainty on the total yield di�ers from the sum in quadrature of the single-process
uncertainties due to anti-correlation e�ects in their systematic sources which dominate over their MC statistical
uncertainties.

Process #jet = 0 ggF #jet = 1 ggF #jet � 2 ggF #jet � 2 VBF
DNN:

Inclusive [0.93, 1.0]
�ggF 2150± 220 1100± 150 470± 100 180± 70 2.0± 1.0
�VBF 24± 6 107± 24 50± 12 200± 40 40 ± 7

Other Higgs 34± 1 49± 1 47± 2 27± 2 0.1± 0.0
,, 9800± 400 3400± 500 1500± 500 2100± 400 5.3± 2.1
CC̄/,C 2130± 210 5400± 400 6100± 500 7600± 400 3.1± 1.0
//W⇤ 140± 50 280± 40 930± 70 1410± 340 1.2± 0.6
Other ++ 1380± 130 850± 100 440± 90 360± 80 0.5± 0.1
Mis-Id 1170± 130 740± 90 480± 50 340± 40 2.3± 0.3

Total 16 770± 130 11 940± 110 10 040± 100 12 200± 120 54 ± 6
Observed 16 726 11 917 9 982 12 189 60

The <T distributions for the separate #jet = 0, #jet = 1, and ggF-enriched #jet � 2 SRs as well as the
combination of SRs are shown in Figure 10. The bottom panels of Figure 10 display the di�erence between
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Observed (expected) VBF significance: 6.6 (6.1) σ 
    arXiv:2207.00338

~3720 signal events!

1 Introduction

The Higgs boson is a neutral scalar particle resulting from the electroweak symmetry breaking in the
Standard Model (SM) that gives masses to the , and / bosons [1–4]. Observation of a new particle
consistent with being the Higgs boson was reported by the ATLAS and CMS collaborations in 2012 [5, 6].
This note describes measurements of gluon fusion (ggF) and vector-boson-fusion (VBF) production of
Higgs bosons in the �!,,

⇤! 4a`a decay channel in proton–proton (??) collisions at a centre-of-mass
energy of 13 TeV recorded with the ATLAS detector during the data-taking period between 2015–2018
(Run 2) of the Large Hadron Collider (LHC) [7] at CERN corresponding to an integrated luminosity of
139 fb�1.

This channel has previously been studied by the CMS Collaboration using the 137 fb�1 full Run 2 dataset [8]
and by the ATLAS Collaboration using a partial Run 2 dataset corresponding to an integrated luminosity
of approximately 36 fb�1 [9]. A preliminary result in the VBF channel, using 139 fb�1 of data collected
with the ATLAS detector, was reported in Ref. [10].

Compared to the previous Run 2 results from ATLAS, several improvements to the analysis have been
incorporated in addition to the increase in data statistics – most notably, a measurement of the ggF
production mode in the final state with two or more reconstructed jets and measurements of cross sections
in kinematic fiducial regions defined in the Simplified Template Cross Section (STXS) framework [11,
12].

2 Analysis overview

The �!,,
⇤! 4a`a channel is characterised by two charged leptons and two undetected neutrinos in the

final state. The opening angle between the two charged leptons tends to be small due to the spin-0 nature of
the Higgs boson and the vector-minus-axial-vector (+��) structure in the decay of the two , bosons [13].
This di�erence in topology is exploited to separate the Higgs boson signal from the main backgrounds
such as continuum production of ,, , where the charged leptons are more likely to have a large opening
angle.

In addition to the decay products from the Higgs boson, the final state can be populated by jets either from
the quarks participating in the VBF production mode or from initial state radiation from quarks or gluons
(for both the ggF and the VBF production modes). The composition of background processes changes
significantly depending on the number of jets (#jet) in the final state. Therefore, the analysis is performed
separately in the #jet = 0, #jet = 1, and #jet � 2 channels. The #jet = 0 and #jet = 1 channels solely target the
ggF signal production mode, whereas the #jet � 2 channel is divided into two di�erent categories which
separately target the VBF and ggF production modes.

For the categories targeting the ggF production mode, the discriminating variable between signal and SM

background processes is the dilepton transverse mass, defined as <T =
q�

⇢
✓✓
T + ⇢

miss
T

�2 � �� p✓✓T + Kmiss
T

��2
where ⇢

✓✓
T =

q
| p✓✓T |2 + <

2
✓✓ and p✓✓T is the vector sum of the lepton transverse momenta and Kmiss

T (with

magnitude ⇢miss
T ) the missing transverse momentum. For the #jet � 2 channel targeting the VBF production

mode, the output of a deep neural network (DNN) trained to identify the VBF topology is used as the final
discriminating variable.
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59

ggH

VH

qqH

   CMS-PAS-HIG-20-013    ATLAS-CONF-2021-014

March 2022

⇒ Back

• STXS comparison

= VBF + V(→qq)H

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-013/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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• H → bb dominant decay channel (BR ~58%)
• 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 139 fb-1
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(i)  Decays into Fermions: Run-2 results on  VH,  H à bb 

Resolved analysis 

Signal strength:  µ = σobs / σSM   
 
µVH(bb) = 1.02         (stat)             (syst)  
 
Obs. (exp.) significance:            6.7σ  (6.7σ) 
                   significance (ZH):    5.3σ  (5.1σ) 

+0.12 
- 0.11 

+0.14 
- 0.13 

arXiv:2007.02873 

CERN-EP-2020-093 

Good agreement between measurements and SM predictions 
 
Boosted analysis: measurement at high pT  à increased sensitivity to BSM physics 

Vector bosons at high pT  

        (boosted topology) 
Resolved analysis (standard) 

arXiv:2007.02873 

Boosted Higgs-boson 
decay topology

• Explores higher pT(V)
⇒ Increase sensitivity to BSM

   Phys. Lett. B 816 (2021) 136204   Eur. Phys. J. C 81 (2021) 178
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- Observed (expected)  
upper limit on σ⋅BR 
26 (31) × SM (95% C.L.)

- Observed (expected)  
upper limit on  
Higgs-charm-coupling:  
8.5 (12.4) × SM (95% C.L.)
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in (W/Z)H associated 
production

● H  bb dominant decay BR~58%→
● Significance 0.4σ (exp 1.9σ)

2015+2016 

ttH production
● Direct probe of ttH 

vertex
● 3 channels with 

2015+2016 data
● Combined: 2.8σ 

observed (exp 1.8σ)

ATLAS-CONF-2016-068

Run-1

c

c

• H → cc 2nd generation decay channel (BR ~2.9%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν)
- 1 lepton (W → 𝓁ν)
- 2 lepton (Z → 𝓁𝓁)
⇒ ~1500 V(→leptons)H(→cc) events in 139 fb-1

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

Jan 2022

⇒ Back
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Karsten Köneke/46

VBF(γ) Production in H → bb Decays
• Photon tagged
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μ = 1.3 ± 1.0
Observed (expected) 
significance: 1.3 (1.0) σ

• Inclusive (γ veto):

Inclusive Production:
μ = 0.95 +0.37 -0.35

Obs. (exp.) significance: 
2.7 (2.9) σ

VBF Production:
μ = 0.95 +0.38 -0.36

Obs. (exp.) significance: 
2.6 (2.8) σ

    JHEP 03 (2021) 268

• Combination:
Inclusive Production:
μ = 0.99 +0.35 -0.33

Obs. (exp.) signif.: 
3.0 (3.0) σ

VBF Production:
μ = 0.99 +0.36 -0.34

Obs. (exp.) signif.: 
2.9 (2.9) σ

    Eur. Phys. J. C. 81 (2021) 537

• Boosted:
- Improved H → bb boosted 

tagger (DBB)

- 1st measurement of VBF      
at high pT, 

- Most precise measurement 
of boosted ggF to date 

- ggF:

- μ = 

- Obs. (exp.): 1.2 σ (0.9 σ)

- VBF:

- μ = 

- Obs. (exp.): 3 σ (0.9 σ) 

8. Summary 11

For the ggF category, the observed data and fitted soft drop mass distributions are shown in
Figure 5 in the DDB fail (left) and DDB pass (right) regions, summed over all six pT bins and
all data-taking years. The total background is broken down into contributions from different
processes, and the total uncertainty is shown as a red band. As in the VBF category, a large
enhancement in the relative contribution from Z ! bb decay is clearly visible after the DDB
cut is applied. The fitted ggF and VBF distributions are overlaid in red and green, respectively.
The apparent discontinuity at high mass is due to the exclusion of bins with extreme values of
jet r.
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Figure 5: Data and fitted soft drop mass distribution in the ggF category, summed over all pT
bins and data-taking periods. The DDB failing (left) and passing (right) regions are shown. The
ggF and VBF signals are scaled to the fitted event yields. The apparent discontinuity at high
mass is due to the exclusion of bins with extreme values of r.

Figure 6 shows the combined two-dimensional likelihood scan performed over the ggF and
VBF signal strengths. The best fit point differs from the SM expectation by 2.6 s, and from the
null hypothesis (no Higgs) by 3.9 s.

7.1 Signal strength in differential bins

The observed soft drop mass distributions in the DDB pass region are shown separately in each
differential bin in Figures 7 and 8, for VBF and ggF respectively.

The signal strength is also fitted independently per reconstruction-level differential bin, with
the ratio of ggF to VBF fixed to the SM expectation. The results are shown in Figure 9, with the
combined measured signal strengths shown in blue.

8 Summary
A search has been conducted for boosted Higgs bosons produced in the gluon-gluon fusion
(ggF) and vector boson fusion (VBF) production modes. This search goes beyond the inclusive
H ! bb measurements performed thus far to provide the first exploration of Higgs bosons
produced with high transverse momentum (pT > 450 GeV) in the VBF channel. The signal
strengths of the VBF and ggF processes are extracted simultaneously, and two-dimensional
contours are determined. The observed signal strengths for the VBF and ggF processes are
5.0+2.1

�1.8 and 2.1+1.9
�1.7, corresponding respectively to observed (expected) significances of 3.0 s (0.9
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For the ggF category, the observed data and fitted soft drop mass distributions are shown in
Figure 5 in the DDB fail (left) and DDB pass (right) regions, summed over all six pT bins and
all data-taking years. The total background is broken down into contributions from different
processes, and the total uncertainty is shown as a red band. As in the VBF category, a large
enhancement in the relative contribution from Z ! bb decay is clearly visible after the DDB
cut is applied. The fitted ggF and VBF distributions are overlaid in red and green, respectively.
The apparent discontinuity at high mass is due to the exclusion of bins with extreme values of
jet r.
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Figure 5: Data and fitted soft drop mass distribution in the ggF category, summed over all pT
bins and data-taking periods. The DDB failing (left) and passing (right) regions are shown. The
ggF and VBF signals are scaled to the fitted event yields. The apparent discontinuity at high
mass is due to the exclusion of bins with extreme values of r.

Figure 6 shows the combined two-dimensional likelihood scan performed over the ggF and
VBF signal strengths. The best fit point differs from the SM expectation by 2.6 s, and from the
null hypothesis (no Higgs) by 3.9 s.

7.1 Signal strength in differential bins

The observed soft drop mass distributions in the DDB pass region are shown separately in each
differential bin in Figures 7 and 8, for VBF and ggF respectively.

The signal strength is also fitted independently per reconstruction-level differential bin, with
the ratio of ggF to VBF fixed to the SM expectation. The results are shown in Figure 9, with the
combined measured signal strengths shown in blue.

8 Summary
A search has been conducted for boosted Higgs bosons produced in the gluon-gluon fusion
(ggF) and vector boson fusion (VBF) production modes. This search goes beyond the inclusive
H ! bb measurements performed thus far to provide the first exploration of Higgs bosons
produced with high transverse momentum (pT > 450 GeV) in the VBF channel. The signal
strengths of the VBF and ggF processes are extracted simultaneously, and two-dimensional
contours are determined. The observed signal strengths for the VBF and ggF processes are
5.0+2.1

�1.8 and 2.1+1.9
�1.7, corresponding respectively to observed (expected) significances of 3.0 s (0.9
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-04/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-020/index.html
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V(qq)H(bb) at high pT
• Fully-hadronic final state

- Challenging at pp collider!
- 2 boosted large-R jets

• Inclusive result:
-  
- Obs. (exp.) significance: 

1.7 σ (1.2 σ)

• Also in 3 pT(H) bins

64

μ = 1.4+1.0
−0.9

   arXiv:2312.07605

Dec 2023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-11/
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H → ττ

65

   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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~2079 signal events!

H → ττ
• Strongest coupling to leptons

- BRSM(H → ττ) = 6.3%
⇒ ~480 000 H → ττ events in 139 fb-1

66

Observed 
(expected) 
significance:

5.3 (6.2) σ

3.9 (4.6) σ

   JHEP 08 (2022) 175

Jan 2022

⇒ Back

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
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Boosted H → ττ
• Highly boosted pT(H) > 250 GeV

- Dedicated boosted di-tau algorithm

• Observed (expected) significance: 3.5 (2.2) σ

• μ = 

67

Aug 2023
   CMS-PAS-HIG-21-017

• Fiducial differential measurements of pT(H) and pT(lead-jet)

4

lepton and ~pmiss
T , value of the MVA isolation of the closest boosted th candidate to the muon

(electron) in the µth and eµ (eth and eµ) channels, and di-t mass. The signal region is split
into four bins depending on pH

T , with lower bin boundaries of 250, 350, 450, and 600 GeV. The
combined NN distributions in the signal region are shown in Fig. 1.

The uncertainty in the muon and electron trigger efficiency, identification, and isolation ranges
between 1 and 5%. The uncertainty in the HT/~pmiss

T trigger efficiency in the thth channel is
10%. The uncertainty in the boosted t lepton selection efficiency has been evaluated from a
maximum likelihood fit of the Z boson pT distributions. A large prefit uncertainty is assigned
to the t identification efficiency, uncorrelated across final states, data-taking years, and bins of
pZ

T . The maximum of the postfit uncertainty and the difference between the prefit and postfit
t identification efficiencies is taken as the uncertainty in the t lepton selection efficiency. It
varies from 10% to 50% depending on the decay channel, data-taking year, and bin of pZ

T . The
uncertainty in the integrated luminosity amounts to 1.2� 2.5%, depending on the year [50–52].
A 2% normalization uncertainty is considered for the muon/electron energy scale, while a 3%
uncertainty in the th energy scale is treated as a shape uncertainty and propagated to the di-t
mass and ~pmiss

T variables. Uncertainties associated with the jet energy scale and pmiss
T are also

considered [53]. Uncertainties of 2.0, 4.2, 5.0, and 5.0% are used for the predicted cross sections
of the Drell–Yan, tt , single top quark, and diboson productions, respectively [54–57]. PDF,
QCD scale, and initial/final state radiation uncertainties are considered for the Drell-Yan and
tt processes and vary from a few percent to about 20% depending on the final state, process,
and year. The uncertainty associated with the method to estimate the QCD background is
estimated to be 20%. This value is obtained by comparing the predicted QCD background
with data in dedicated control regions. An additional uncertainty related to the probability
for a jet to be misidentified as a th candidate, as well as an uncertainty in the normalization
of the non-QCD background subtracted from data in the application region, are included and
vary between 10 and 20% depending on the final state. Uncertainties related to the top quark
pT reweighting in simulated tt events are evaluated by varying the reweighting parameters
between zero and twice their nominal values [58, 59]. Theoretical uncertainties for the signal
are derived from the so-called WG1 uncertainty scheme [60]. Statistical uncertainties related
to the limited number of events in the data control samples are accounted for as described in
Ref. [61], while those related to the limited number of events in simulation are accounted for
by allowing the content in each bin of the simulated distributions to vary within its statistical
uncertainty.

A binned maximum likelihood fit taking into account the systematic uncertainties as nuisance
parameters is performed to the NN output distributions to compute the probability of the com-
patibility of observed data with the background-only hypothesis [62, 63]. An observed signif-
icance of 3.5 standard deviations (sd) is achieved by combining all channels and data-taking
years, to be compared with an expected significance of 2.2 sd. The best-fit signal strength mod-
ifier is also extracted from a maximum likelihood fit to the same distributions and is found to
be 1.64+0.68

�0.54, in agreement with the SM prediction. The sensitivity of this analysis is driven by
the µth and eth channels.

The definition of the fiducial phase space depends on the final state and relies on a set of specific
requirements on generator-level variables. In the µth (eth) channels, the lepton is required to
have generated pT greater than 28 (30) GeV. If the generated pT of the muon (electron) is less
than 52 (115) GeV, a minimum threshold of 30 GeV is applied to the generated pmiss

T as well. The
generated th pT must be greater than 30 GeV. In the thth channel, the generated pT of both
th objects must exceed 30 GeV. In the eµ channel, two sets of events are selected. The first set

⇒ Back

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-017/index.html
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HL-LHC ttH, H → bb
• Projection from analysis of 2016+2017 data in the opposite-sign di-leptonic channel

68

   CMS-PAS-FTR-21-002

⇒ Back

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-002/index.html
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HH: Twice the Higgs, twice the fun
• Probing the Higgs potential via HHH coupling:

69
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HH: Twice the Higgs, twice the fun
• Probing the Higgs potential via HHH coupling:

69

Expand 𝜙(𝑥) around vacuum:

�(x) =
1p
2
(v +H(x))

<latexit sha1_base64="ZSb3WuGfJmsHM8iDnfyVW0RlOQ4="></latexit>

LH 3 �2

✓
g2

4
W †

µ
Wµ

◆
� µ2�2 � ��4LH 3 �2

✓
g2

4
W †

µ
Wµ

◆
� µ2�2 � ��4



Karsten Köneke/46

HH: Twice the Higgs, twice the fun
• Probing the Higgs potential via HHH coupling:
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HH: Twice the Higgs, twice the fun
• Probing the Higgs potential via HHH coupling:

69

H self interactions

Expand 𝜙(𝑥) around vacuum:

�(x) =
1p
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HH: Twice the Higgs, twice the fun
• Probing the Higgs potential via HHH coupling:

69

H self interactions

Expand 𝜙(𝑥) around vacuum:
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HH
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• Gluon fusion: σ = 31.05 fb ⇒ ~4300 events in 139 fb-1 

Destructive interference!
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Di-Higgs Production

70

• “Large” BR & clean signatures:
- BRSM(HH → bbbb) = 33%  ⇒  ~1430 events in 139 fb-1  
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 139 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~11 events in 139 fb-1  

HH
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7.3

Nov 2022

   Phys. Lett. B 843 (2023) 137745

Improved results:
Obs.   Exp.
4.0    5.0

5.9    3.1

−1.4 < 𝜅𝜆 < 6.9 (−2.8 < 𝜅𝜆 < 7.8) 
−0.5 < 𝜅2𝑉 < 2.7 (−1.1 < 𝜅2𝑉 < 3.3)
−3.2 < 𝜅𝜆 < 9.1 (−2.5 < 𝜅𝜆 < 9.2) 
−0.4 < 𝜅2𝑉 < 2.6 (−0.2 < 𝜅2𝑉 < 2.4)

   JHEP 01 (2024) 066

   ATLAS-CONF-2023-071

observed (expected) constraints at 95% C.L.:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
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   CMS-PAS-HIG-23-006

−1.2 < κλ < 7.5

−2.0 < κλ < 7.7

CMS H+HH Combination

Observed constraint on trilinear 
coupling at 95% CL:

Expected range:
Nov 2023

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-006/index.html
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• HL-LHC extrapolation from full Run 2 combination of: 
- BRSM(HH → bbbb) = 33%  ⇒  ~38400 events in 3000 fb-1  
- BRSM(HH → bbττ) = 7.4%  ⇒  ~6900 events in 3000 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~240 events in 3000 fb-1 

5 σ

⇒       +       (3+3 ab-1, all channels) from CERN HL-LHC Yellow Report (w/ systematics): HH significance: 4.0 σ and 0.52 < κλ < 1.5 @ 68% C.L.
⇒      bbγγ expected significance at 3000 fb-1: 2.16 σ [CMS-PAS-FTR-21-004]

κλ not ∈ [1.2, 4.8]

   ATL-PHYS-PUB-2022-053

Nov 2022

https://cds.cern.ch/record/2703572
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
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   Physics Briefing Twice the Higgs, twice the challange

   Phys. Lett. B 800 (2020) 135103

   ATL-PHYS-PUB-2019-009

-3.7 < κλ < 11.5 (-6.2 < κλ < 11.6)
⇒ Back

https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-009/
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All HH decay 
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multilepton 
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3

distribution for backgrounds (Appendix B), and the validation studies of the QCD multijet event generation (Appendix
C).

2 Higgs pair production via vector boson fusion at hadron colliders

We begin by reviewing the theoretical framework for Higgs pair production via vector boson fusion in hadronic colli-
sions. First, we introduce a general parametrization of the Higgs couplings in the effective field theory (EFT) frame-
work. Then, we turn to consider the values that these couplings take in specific models. Finally, we briefly discuss the
validity of the EFT approximation and the possible contribution of heavy resonances to this process.

2.1 General parametrization of Higgs couplings

Following Ref. [4], we introduce a general parametrization of the couplings of a light Higgs-like scalar h to the SM
vector bosons and fermions. At energies much lower than the mass scale of any new resonance, the theory is described
by an effective Lagrangian obtained by making a derivative expansion. Under the request of custodial symmetry, the
three NGBs associated with electroweak symmetry breaking parametrize the coset SO(4)/SO(3) and can be fitted into
a 2⇥2 matrix

S = eisapa/v , (1)

with v = 246GeV the Higgs vacuum expectation value. Assuming that the couplings of the Higgs boson to SM fermions
scale with their masses and do not violate flavor, the resulting effective Lagrangian in [4] can be parametrized as

L � 1
2
(∂µ h)

2 �V (h)+
v2

4
Tr
�
Dµ S †Dµ S

�
1+2cV

h
v

+ c2V
h2

v2 + . . .

�

�mi ȳLi S
✓

1+ cy
h
v

+ . . .

◆
yRi + h.c. ,

(2)

where V (h) denotes the Higgs potential,

V (h) =
1
2

m2
hh2

+ c3
1
6

✓
3m2

h
v

◆
h3

+ c4
1

24

✓
3m2

h
v2

◆
h4

+ . . . (3)

The parameters cV , c2V , cy , c3, and c4 are in general arbitrary coefficients, normalized so that they equal 1 in the SM.
The Higgs mass is fixed to be mh = 125 GeV [72].

As the notation in Eq. (2) indicates, the coefficients cV , c2V , and c3 control the strength of the hVV , hhVV and
hhh couplings, respectively. The coefficients cy and c4 instead modify the Higgs coupling to fermions and quartic
self interaction. Thus, they do not affect the double-Higgs production cross section in the VBF channel. In Fig. 1, we
show the tree-level Feynman diagrams, in the unitary gauge, that contribute to Higgs pair production in the vector-
boson fusion channel at hadron colliders. In terms of the general parametrization of Eq. (2), the left, middle, and right
diagrams scale with c2V , c2

V , and cV c3, respectively.
In the SM, a cancellation dictated by perturbative unitarity occurs between the first and second diagrams. This is

best understood by describing the process as a slow emission of the vector bosons by the protons followed by their hard
scattering into a pair of Higgs bosons [73]. For generic values of cV and c2V , the amplitude of the partonic scattering
VV ! hh grows with the energy

p
ŝ until the contribution from the new states at the cutoff scale L unitarizes it. The

leading contribution in the energy range mW ⌧
p

ŝ ⌘ mhh ⌧ L comes from the scattering of longitudinal vector bosons
and is given by

A (VLVL ! hh) ' ŝ
v2 (c2V � c2

V ) , (4)

up to O(m2
W /ŝ) and O(ŝ/L 2

) corrections. In scenarios with c2V 6= c2
V , the growth of the partonic cross section with ŝ

thus provides a smoking-gun signature for the presence of BSM dynamics [3].
In the parametrization of Eq. (2), the amplitude for the process pp ! hh j j can be decomposed as follows

A = eAc2
V + eBc2V + eC cV c3 , (5)

• In SM: 16
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Fig. 11 The di-Higgs mhh distribution at 14 TeV (left) and 100 TeV (right) after all analysis cuts showing the results for the signal (SM and
c2V = 0.8) and for the total background.

This behaviour is illustrated in Fig. 11 where we show the invariant mass distribution of the Higgs pairs after all
analysis cuts, at 14TeV and 100TeV, for the signal (SM and c2V = 0.8) and the total background. In the case of the
benchmark scenario with c2V = 0.8, the crossover between signal and background is located at mhh ' 2TeV (4TeV) at
14TeV (100TeV). We also observe that, for invariant masses mhh above this crossover, the ratio between the signal and
the backgrounds keeps increasing steeply.

With the final results of our analysis in hand, we can now estimate the expected sensitivity to deviations in the
hhVV coupling, parametrized as dc2V = c2V � 1, by exploiting the information contained in the full mhh differential
distribution (as opposed to using only the total number of events satisfying all cuts from Table 3). To achieve this,
we first bin our results in mhh and then follow a Bayesian approach [109] to construct a posterior probability density
function. We include two nuisance parameters, qB and qS, to account for the uncertainty associated with the background
and signal event rate, respectively. The parameter qS encodes the theoretical uncertainties on the di-Higgs cross section
and the branching fraction BR(h ! bb̄). We conservatively assume a 10% uncertainty uncorrelated in each mhh bin.

Concerning qB, we expect that an actual experimental analysis of di-Higgs production via VBF would estimate the
overall normalization of the different background components by means of data-driven techniques. We assume a 15%
uncertainty arising from the measurement and subsequent extrapolation of the dominant QCD multijet background, see
for example a recent ATLAS measurement of dijet bb̄ cross-sections [110]. The background nuisance parameter, qB, is
conservatively also assumed to be uncorrelated among mhh bins. In addition, while we already rescale the background
cross sections to match existing NLO and NNLO results (see Appendix A), there still remains a sizable uncertainty in
their overall normalization from missing higher orders, in particular for the QCD multijet components. For this reason,
below, we explore the robustness of our results upon an overall rescaling of all the background cross sections by a fixed
factor.

The posterior probability function constructed in this way reads:

P(dc2V |{Ni
obs}) =

Z
’

i2{bins}
dq i

S dq i
B L

�
Ni

(q i
B,q i

S)|Ni
obs

�
e�(q i

S)
2/2 e�(q i

B)
2/2 p(c2V ) , (18)

with Ni
(q i

B,q i
S) and Ni

obs denoting respectively the number of predicted (for a generic value of c2V ) and observed
(assuming SM couplings) events for a given integrated luminosity L in the i-th bin of the di-Higgs invariant mass
distribution mhh, given by 2:

Ni
(qB,qS) =

h
s i

sig(c2V )
�
1+q i

S dS
�
+s i

bkg
�
1+q i

B dB
�i

⇥L ,

Ni
obs =

h
s i

sig(c2V = 1)+s i
bkg

i
⇥L .

(19)

In Eq. (19), s i
sig(c2V ) and s i

bkg indicate the signal (for a given value of c2V ) and total background cross sections,
respectively, for the i-th bin of the mhh distribution. The functional form of s i

sig(c2V ) is given by Eq. (7) and the value

2In our analysis, we use 15 bins starting at 250 GeV up to 6(30)TeV for the LHC(FCC) that are uniformly spaced on a log scale. In addition, we
define an overflow bin up to the relevant centre of mass energy.

arXiv:1611.03860

⇒ Back

https://arxiv.org/pdf/1611.03860.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:

75

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 
 
- Kappa framework (observed signals from single resonance; coupling structure as in SM):  
  Introduce LO coupling modifiers:   
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Decay modes

   Nature 607, 52–59 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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κ Coupling Modifiers
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Assume:
No BSM 

contributions
(Binv = Bundet = 0)

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

and κZ ≤ 1

≈6%

≈6%

≈11%

≈13%

≈8%

≈7%

≈6%

Add:
VBF H → invisible

≈25%

≈25%

   Nature 607, 52–59 (2022)

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

78

gluon
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   Nature 607, 52–59 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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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)
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• No assumption on total width needed; assume all parameters >0
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   Nature 607, 52–59 (2022)

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


Karsten Köneke/46

Mass ~ Coupling Strength?
Assumption: 
   SM Higgs boson coupled only to SM particles, 
   i.e. no “beyond SM physics (BSM)

- effective couplings to photons and gluons,  
Higgs-boson width resolved using SM assumptions
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   Nature 607, 52–59 (2022)

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

ATLAS-PHYS-PUB-2018-054   Nature 607, 52–59 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-054/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/
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   Nature 607 (2022) 60-68

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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1 σ uncertainties

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
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• Extend SM with new BSM operators:
- Assume: 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
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Only direct Width Measurement
• s-channel production at future muon collider :
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Figure 3: Number of events of the Higgs signal plus backgrounds and statistical errors ex-
pected for two di↵erent beam energy resolutions and integrated luminosities as a function
of the collider energy

p
s in bb and WW

⇤ final states with a SM Higgs mh = 126 GeV
and �h = 4.21 MeV. Detector backgrounds are not included, see more discussion in Sec.
3.3. These figures are taken from Ref [9].

accuracies are by and large free from detector resolutions. Other uncertainties associated

with b tagging, acceptance, etc., will enter into our estimation of signal strength B di-

rectly. These uncertainties will a↵ect our estimation of total width �h indirectly through

statistics, leaving a minimal impact in most cases.
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