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Higgs Boson Mass
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ATLAS CONF Note

ATLAS-CONF-2020-005
7th April 2020

Measurement of the Higgs boson mass in the

H ! ZZ
⇤ ! 4` decay channel with

p
s = 13 TeV

pp collisions using the ATLAS detector at the LHC

The ATLAS Collaboration

A measurement of the Higgs boson mass, mH in the H ! Z Z
⇤ ! 4` decay channel is

presented. The data employed were recorded by the ATLAS detector between 2015-2018 in
proton-proton collisions delivered by the Large Hadron Collider at a centre-of-mass energy ofp

s = 13 TeV and correspond to an integrated luminosity of 139 fb�1. An analytic model that
takes into account the invariant mass resolution of the four-lepton system on a per-event basis
is employed. The measured value of mH is 124.92 ± 0.19(stat.)+0.09

�0.06(syst.) GeV.

© 2020 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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ing mH, profiled. Similarly, the compatibility of the ATLAS combined mass measurement in
the two channels with the CMS combined measurement in the two channels is evaluated using
the variable Dmexpt ⌘ mATLAS

H � mCMS
H . The observed results, DmgZ = �0.1 ± 0.5 GeV and

Dmexpt = 0.4 ± 0.5 GeV, are both consistent with zero within 1 s. The difference between the
mass values in the two experiments is Dmexpt

gg = 1.3 ± 0.6 GeV (2.1 s) for the H ! gg channel
and Dmexpt

4` = �0.9 ± 0.7 GeV (1.3 s) for the H ! ZZ ! 4` channel. The combined results
exhibit a greater degree of compatibility than the results from the individual decay channels
because the Dmexpt value has opposite signs in the two channels.

The compatibility of the signal strengths from ATLAS and CMS is evaluated through the ratios
lexpt = µATLAS/µCMS, l

expt
F = µgg ATLAS

ggF+tt̄H /µgg CMS
ggF+tt̄H, and l

expt
4` = µ4` ATLAS/µ4` CMS. For this

purpose, each ratio is individually taken to be the parameter of interest, with all other nuisance
parameters profiled, including the remaining two ratios for the first two tests. We find lexpt =
1.21+0.30

�0.24, l
expt
F = 1.3+0.8

�0.5, and l
expt
4` = 1.3+0.5

�0.4, all of which are consistent with unity within 1 s.
The ratio l

expt
V = µgg ATLAS

VBF+VH /µgg CMS
VBF+VH is omitted because the ATLAS mass measurement in the

H ! gg channel is not sensitive to µgg
VBF+VH/µgg

ggF+tt̄H.

The correlation between the signal strength and the measured mass is explored with 2D likeli-
hood scans as functions of µ and mH. The three signal strengths are assumed to be the same:
µgg

ggF+tt̄H = µgg
VBF+VH = µ4` ⌘ µ, and thus the ratios of the production cross sections times

branching fractions are constrained to the SM predictions. Assuming that the negative log-
likelihood ratio �2 ln L(µ, mH) is distributed as a c2 variable with two degrees of freedom, the
68% confidence level (CL) confidence regions are shown in Fig. 4 for each individual measure-
ment, as well as for the combined result.

In summary, a combined measurement of the Higgs boson mass is performed in the H ! gg
and H ! ZZ ! 4` channels using the LHC Run 1 data sets of the ATLAS and CMS experi-
ments, with minimal reliance on the assumption that the Higgs boson behaves as predicted by
the SM.

The result is
mH = 125.09 ± 0.24 GeV

= 125.09 ± 0.21 (stat.)± 0.11 (syst.) GeV,
(9)

where the total uncertainty is dominated by the statistical term, with the systematic uncertainty
dominated by effects related to the photon, electron, and muon energy or momentum scales
and resolutions. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two ex-
periments. All tests on the combined results indicate consistency of the different measurements
within 1 s, while the four Higgs boson mass measurements in the two channels of the two ex-
periments agree within 2 s. The combined measurement of the Higgs boson mass improves
upon the results from the individual experiments and is the most precise measurement to date
of this fundamental parameter of the newly discovered particle.
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mH =125.38 ± 0.11(stat) ± 0.08 (syst) GeV
Combined H → γγ and H → ZZ* → 4𝓁:

± 0.14 (total)
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Higgs Boson Width
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• Expected width: ΓH,SM = 4.1 MeV
- Direct limit: ΓH < 1.1 GeV (~260 × ΓH,SM)
- Lifetime too short to measure:  
ΓH > 3.5 × 10−9 MeV @ 95% CL

  JHEP 11 (2017) 047

  Phys. Rev. D 92, 072010 (2015)

Illustration

https://arxiv.org/abs/1706.09936
https://arxiv.org/abs/1507.06656
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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

-                         
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ΓH = 3.2+2.4
−1.7 MeV Feb  2022

   CMS-HIG-21-013 (submitted to Nature Physics)

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-013/index.html
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CP Measurement in t(t)H Production
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March 2022

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�

   CMS-PAS-HIG-21-006

• 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

2

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

<latexit sha1_base64="0GcuBFPOv3RA9LjQ1LJOYSk0maE=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokWdCMU3bisYB/QhDCZTNuhkwczN0IJWbrxV9y4UMStn+DOv3HSZqGtBy4czrmXe+/xE8EVWNa3sbS8srq2Xtmobm5t7+yae/sdFaeSsjaNRSx7PlFM8Ii1gYNgvUQyEvqCdf3xTeF3H5hUPI7uYZIwNyTDiA84JaAlzzxygIuAZc6YJAnJvcwJCYxkmEGe4ytseWbNqltT4EVil6SGSrQ888sJYpqGLAIqiFJ920rAzYgETgXLq06qWELomAxZX9OIhEy52fSRHJ9oJcCDWOqKAE/V3xMZCZWahL7uLM5U814h/uf1UxhcuhmPkhRYRGeLBqnAEOMiFRxwySiIiSaESq5vxXREJKGgs6vqEOz5lxdJ56xun9cbd41a87qMo4IO0TE6RTa6QE10i1qojSh6RM/oFb0ZT8aL8W58zFqXjHLmAP2B8fkDKiWaCw==</latexit>
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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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ATLAS CONF Note

ATLAS-CONF-2022-016

29th March 2022

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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⇒         More  ⇒         More  

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-016/
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CP Measurement in H → ττ Decay
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Parametrize τ-Yukawa coupling: SM Hττ coupling: CP-even (𝜙τ = 0°) 
   ATLAS-CONF-2022-032

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

May 2022

⇒        𝜙τ = -1 ± 19° (0 ± 21°) [arXiv:2110.04836]

• 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°]

⇒         More  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-006/index.html
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H → γγ fiducial Measurements
- Excellent signal reconstruction

• O(20) 1-d and O(5) 2-d differential cross-sections in different phase spaces

13

   arXiv:2202.00487 (submitted to JHEP)

- Total cross section: 58 ± 6 pb

   CMS-PAS-HIG-19-016

σfid. = 73.40       fb 
(SM: 75.44 ± 4.1 fb)

+6.1
-5.9

σfid. = 67 ± 6 fb 
(SM: 64 ± 4 fb)

Feb 2022

March 2022

⇒ SMEFT interpretations

⇒ More       and       results 

• BRSM(H → γγ) = 0.23% ⇒ Expect: ~17 500 signal events

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html
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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 

14
PRL 118, 121801, 2017

Higgs

Gluon

Gluon
t,b,c

- Direct cc → H production

Figure 1 illustrates the impact of the Yukawamodification
!c 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
(

!!!
s

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

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

!!!
s

p
! 13 TeV is slightly harder than the

!!!
s

p
! 8 TeV

counterpart, which enhances the sensitivity to !b and !c 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 !Q in future LHC
runs. Therefore, we use pT;h in the rest of this Letter.
Current constraints.—At

!!!
s

p
! 8 TeV, the ATLAS and

CMS Collaborations have measured the pT;h and pT;j
spectra in the h ! "" [56,57], h ! ZZ" ! 4l [58,59]
and h ! WW" ! e#$e$# [60,61] channels, using around
20 fb!1 of data in each case. To derive constraints on !b
and !c, we harness the normalized pT;h distribution in
inclusive Higgs production [62]. This spectrum is obtained
by ATLAS from a combination of h ! "" and h ! ZZ" !
4l decays, and represents at present the most precise
measurement of the differential inclusive Higgs cross
section. In our %2 analysis, we include the first seven bins
in the range pT;h " #0; 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 !%2 ! 2.3 and !%2 ! 5.99 con-

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

!c " #!16; 18$ %LHC run I&: %2&

Our limit is significantly stronger than the bounds from
exclusive h ! J=&" decays [10], a recast of h ! bb̄
searches, and the measurements of the total Higgs width
[2,64], which read j!cj" 429 [9], j!cj" 234, and j!cj "
130 [13], respectively. It is, however, not competitive with
the bound j!cj" 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 !b " #!3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
pp ! W=Zh%h ! bb̄&, pp ! tt̄h%h ! bb̄&, 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

!!!
s

p
! 8 TeV divided by the SM prediction for

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

FIG. 2. The !%2!2.3 and !%2!5.99 regions in the !c!!b
plane following from the combination of the ATLAS measure-
ments of the normalized pT;h distribution in the h!"" and h!
ZZ"!4l channels. The SM point is indicated by the black cross.
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(C.L.) for a Gaussian distribution] in the !c ! !b plane. We
profile over !b by means of the profile likelihood ratio [63]
and obtain the following 95% C.L. bounds on !c:
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Our limit is significantly stronger than the bounds from
exclusive h ! J=&" decays [10], a recast of h ! bb̄
searches, and the measurements of the total Higgs width
[2,64], which read j!cj" 429 [9], j!cj" 234, and j!cj "
130 [13], respectively. It is, however, not competitive with
the bound j!cj" 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 !b " #!3; 15$. This limit is thus significantly weaker
than the constraints from the LHC run I measurements of
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Charm-Higgs coupling strength modifier κc

Charm-Higgs coupling strength modifier κc

c :=
gc

(gc)SM
<latexit sha1_base64="NBPJEkiDPbhA6mWvkvqdGqxLQj0="></latexit>
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.121801
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• Measure σtot, yH, Njet, pT(jet 1), pT(H) 

15

Jan 2022

H → ZZ* → 4𝓁

H → γγ

Combination: H → γγ and H → ZZ* → 4𝓁

⇒New H → bb fiducial measurement at large ETmiss

- Only modifications to pT(H) shape are considered for these results

 κb profiled

⇒ For direct κc measurements, see:  
“Rare & BSM Higgs experiment”,  
Andrzej Novak, Thu 16:40

   ATLAS-CONF-2022-002

• Combined interpretation from separate pT(H) distributions
⇒         More  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-002/
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Outline
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1. Introduction

2. Mass and width measurements

3. CP coupling structure

4. Fiducial and differential cross sections

5. Simplified Template Cross Sections (STXS)
- Measure production-mode specific cross sections  

in exclusive kinematic phase spaces

6. HH

7. Summary
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H → WW* → 𝓁ν𝓁ν

17

March 2022

VH

qqH

ggH

• Large BRSM(H → WW*) ≈ 22%
- BRSM(H → WW* → 𝓁ν𝓁ν) = 1%

⇒ ~80 000 H → WW* → 𝓁ν𝓁ν events,  
but difficult backgrounds… MVAs, categories, 2-d fits,…

   CMS-PAS-HIG-20-013

10.5 (11.8) σ

3.15 (4.74) σ

3.61 (1.82) σ

3.73 (2.19) σ

Significance 
observed (expected)

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate

= VBF + V(→qq)H

⇒         H → WW* → eνµν results from March 2021: ATLAS-CONF-2021-014  

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 → ττ
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   arXiv:2204.12957 (submitted to Eur. Phys. J. C)

April 2022

Good high-pT(H) sensitivity

⇒         H → ττ results from January 2022: arXiv:2201.08269 (submitted to JHEP)  

• 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

⇒         More  

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/
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Combined STXS Measurement

19

   ATLAS-CONF-2021-053

Oct 2021

⇒         More  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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EFT Fit Results

20

• 13 EFT parameters fitted simultaneously!
- Excellent  sensitivity

Opens the window to global combined analyses!

   ATLAS-CONF-2021-053

Oct 2021

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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direct connectionDoes HH 
production exist? H potential as in SM?

V (�) = µ2
�
�†�

�
+ �

�
�†�

�2
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   CMS-B2G-22-003 (submitted to PRL)

bb4l WWγγ Multilepton bbγγ bbττ bbll WWWW bbWW bbbb bbbb boosted
ΒRSM 0.01% 0.1% 0.39 - 4.6% 0.26% 7.3% 0.1 - 1.6% 4.6% 25 % 33 %

- 230 (160) - 4.2 (5.7) 4.7 (3.9) 40 (29) 160 (120) 300 (300) 12.9 (20.7)
 3.1 (3.1)

30 (37) - 21.8 (19.6) 7.7 (5.2) 3.33 (5.22) - - 79 (89) 3.9 (7.8) 9.9 (5.1)

HH: Twice the Higgs, twice the fun

22

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-!/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

   CMS-PAS-HIG-20-010

⇒ HEFT⇒ Comb.

Full and partial Run 2 observed (expected) 95% CL  
upper limits on µ or σ/σSM (σSM = σggF or σggF+VBF)

March 2022

March 2022

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

HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-!/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

7.3%

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-20/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-27/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-002/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-006/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-22-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010/index.html
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HH → bbττ and HH → bbbb

23

• Combine large BR & good signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 138 fb-1  
- BRSM(HH → bbbb) = 33%  ⇒  ~1400 events in 138 fb-1

bbττ bbbb boosted

σggF+VBF  
/σSM

<3.3 (5.2) <9.9 (5.1)

σVBF/σSM <124 (154) <728 (409)

0.62 < κ2V < 1.41  
(0.66 < κ2V < 1.37) @ 95% CL

HH

1428th February 2020 Katharine Leney
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-1.8 < κλ < 8.8  
(-3 < κλ < 9.9)  

@ 95% CL

   CMS-B2G-22-003 (submitted to PRL)

   CMS-PAS-HIG-20-010

⇒Currently best observed (expected) κλ limits from      bbττ+bbγγ combination: -1.0 < κλ < 6.6 (-1.2 < κλ < 7.2) 

⇒      bbγγ observed (expected) κλ limits: -3.3 < κλ < 8.5 (-2.5 < κλ < 8.2) [JHEP 03 (2021) 257]
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HH → bbττ

HH → bbbb boosted

(all other couplings fixed to SM)

May 2022

March 2022

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-010/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
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HH: Future fun
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• HL-LHC extrapolation from full Run 2 combination of: 
- BRSM(HH → bbττ) = 7.4%  ⇒  ~6900 events in 3000 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~240 events in 3000 fb-1 

4.6 σ

3.2 σ

2.0 σ
1.7 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.

   ATL-PHYS-PUB-2022-005

February 2022

⇒      bbγγ expected significance at 3000 fb-1: 2.16 σ [CMS-PAS-FTR-21-004]

κλ not ∈ [1.1, 4.8]

https://cds.cern.ch/record/2703572
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-21-004/index.html
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Summary
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We learned so much in the last 10 years!
• And have ~8 Million produced Higgs bosons thus far

• 1‰ precision on mH and first (indirect) measurement of 
• Probing CP structure of Higgs couplings in Yukawa couplings
• Measuring total, fiducial, differential, and STXS cross sections
• Various interpretations:

- κ coupling modifiers: precision 6% (κZ, κW, κγ) - 25% (κµ, κzγ), 
- EFTs, etc. 

• Improving HH beyond lumi-scaling:
- σHH < 2.8 ⨉ SM 
- -1.0 < κλ < 6.6
- κ2V ∈ [0.62, 1.41]

• All measured quantities are consistent with SM 

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!

ΓH = 3.2+2.4
−1.7 MeV
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Posters           (Tu at 19:00 and We at 10:00):

Parallel talks:
Plenary talk:

Search for the Higgs boson decaying to a pair of muons in 
pp collisions at 13 TeV with the ATLAS detector, Jay Chan

Thu 14:35, Higgs EFT results at 
ATLAS and CMS, Andrea Sciandra

We 14:15, Higgs fiducial and differential 
measurements at ATLAS and CMS, Fábio Lucio Alves

Thu 15:15, Higgs self-coupling 
at ATLAS, Louis D’Eramo

We 14:35, Higgs-charm coupling constraints 
at ATLAS and CMS, Tristan Arnoldus Du Pree 

 Thu 15:33, Higgs self-coupling 
at CMS, Davide Zuolo

Tu 14:15, Higgs decays to bosons 
at ATLAS and CMS, Matthew Basso

Measurement prospects for di-Higgs production in the HH to bbyy 
channel with the ATLAS experiment at the HL-LHC, Alex Wang

Mo 15:51, ttH/tH production 
ATLAS, Ana Luisa Carvalho

Probing the CP nature of the top-Higgs Yukawa coupling in ttH and 
tH events with H→bb using the ATLAS detector,  Zak Lawrence

Mo 16:09, ttH/tH production 
CMS, Angela Giraldi

Mo 16:27, ttbb modeling for 
ttH ATLAS+CMS, Nihal Brahimi

Tu 15:55, Higgs properties (CP, mass, 
width,..) at ATLAS and CMS, Jeffrey Davis

all times are CEST (CERN) times

Projected sensitivity of Higgs boson pair production combining the bbyy and 
bbtautau decay channels at the HL-LHC with the ATLAS detector, Alkaid Cheng

Thu 16:40, Rare & BSM Higgs 
experiment, Andrzej Novak

We 14:55, Higgs coupling combination 
at ATLAS and CMS, Angela Taliercio

Tu 14:35, Higgs decays to 3rd generation 
fermions at ATLAS and CMS, Soumya Mukherjee

Tu 14:55, Higgs rare decays at 
ATLAS and CMS, Milos Dordevic

https://indico.cern.ch/event/1109611/contributions/4820797/
https://indico.cern.ch/event/1109611/contributions/4820797/
https://indico.cern.ch/event/1109611/timetable/?view=standard#767-higgs-eft-results-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#767-higgs-eft-results-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#767-higgs-eft-results-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#760-higgs-fiducial-and-differe
https://indico.cern.ch/event/1109611/timetable/?view=standard#760-higgs-fiducial-and-differe
https://indico.cern.ch/event/1109611/timetable/?view=standard#760-higgs-fiducial-and-differe
https://indico.cern.ch/event/1109611/timetable/?view=standard#769-higgs-self-coupling-at-atl
https://indico.cern.ch/event/1109611/timetable/?view=standard#769-higgs-self-coupling-at-atl
https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://indico.cern.ch/event/1109611/timetable/?view=standard#761-higgs-charm-coupling-const
https://indico.cern.ch/event/1109611/timetable/?view=standard#770-higgs-self-coupling-at-cms
https://indico.cern.ch/event/1109611/timetable/?view=standard#770-higgs-self-coupling-at-cms
https://indico.cern.ch/event/1109611/timetable/?view=standard#578-higgs-decays-to-bosons-at
https://indico.cern.ch/event/1109611/timetable/?view=standard#578-higgs-decays-to-bosons-at
https://indico.cern.ch/event/1109611/timetable/?view=standard#578-higgs-decays-to-bosons-at
https://indico.cern.ch/event/1109611/contributions/4820793/
https://indico.cern.ch/event/1109611/contributions/4820793/
https://indico.cern.ch/event/1109611/timetable/?view=standard#658-tthth-production-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#658-tthth-production-atlas
https://indico.cern.ch/event/1109611/contributions/4820798/
https://indico.cern.ch/event/1109611/contributions/4820798/
https://indico.cern.ch/event/1109611/contributions/4820798/
https://indico.cern.ch/event/1109611/timetable/?view=standard#659-tthth-production-cms
https://indico.cern.ch/event/1109611/timetable/?view=standard#659-tthth-production-cms
https://indico.cern.ch/event/1109611/timetable/?view=standard#660-ttbb-modeling-for-tth-atla
https://indico.cern.ch/event/1109611/timetable/?view=standard#660-ttbb-modeling-for-tth-atla
https://indico.cern.ch/event/1109611/timetable/?view=standard#660-ttbb-modeling-for-tth-atla
https://indico.cern.ch/event/1109611/timetable/?view=standard#759-higgs-properties-cp-mass-w
https://indico.cern.ch/event/1109611/timetable/?view=standard#759-higgs-properties-cp-mass-w
https://indico.cern.ch/event/1109611/timetable/?view=standard#759-higgs-properties-cp-mass-w
https://indico.cern.ch/event/1109611/contributions/4820794/
https://indico.cern.ch/event/1109611/contributions/4820794/
https://indico.cern.ch/event/1109611/timetable/?view=standard#535-rare-bsm-higgs-experiment
https://indico.cern.ch/event/1109611/timetable/?view=standard#535-rare-bsm-higgs-experiment
https://indico.cern.ch/event/1109611/timetable/?view=standard#762-higgs-coupling-combination
https://indico.cern.ch/event/1109611/timetable/?view=standard#762-higgs-coupling-combination
https://indico.cern.ch/event/1109611/timetable/?view=standard#762-higgs-coupling-combination
https://indico.cern.ch/event/1109611/timetable/?view=standard#755-higgs-decays-to-3rd-genera
https://indico.cern.ch/event/1109611/timetable/?view=standard#755-higgs-decays-to-3rd-genera
https://indico.cern.ch/event/1109611/timetable/?view=standard#755-higgs-decays-to-3rd-genera
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas
https://indico.cern.ch/event/1109611/timetable/?view=standard#756-higgs-rare-decays-at-atlas
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Impact of mH 
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• 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:  mW = 80.379 ± 0.013 GeV
- Impact on mW in electroweak fit: ∆mW(Top) = ±2.7 MeV,  ∆mW(H) = ±0.1 MeV
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March 2022

• Parametrize ttH coupling:

- SM ttH coupling: CP-even (           ) 

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�

̃t = 0
<latexit sha1_base64="0GcuBFPOv3RA9LjQ1LJOYSk0maE=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4KokWdCMU3bisYB/QhDCZTNuhkwczN0IJWbrxV9y4UMStn+DOv3HSZqGtBy4czrmXe+/xE8EVWNa3sbS8srq2Xtmobm5t7+yae/sdFaeSsjaNRSx7PlFM8Ii1gYNgvUQyEvqCdf3xTeF3H5hUPI7uYZIwNyTDiA84JaAlzzxygIuAZc6YJAnJvcwJCYxkmEGe4ytseWbNqltT4EVil6SGSrQ888sJYpqGLAIqiFJ920rAzYgETgXLq06qWELomAxZX9OIhEy52fSRHJ9oJcCDWOqKAE/V3xMZCZWahL7uLM5U814h/uf1UxhcuhmPkhRYRGeLBqnAEOMiFRxwySiIiSaESq5vxXREJKGgs6vqEOz5lxdJ56xun9cbd41a87qMo4IO0TE6RTa6QE10i1qojSh6RM/oFb0ZT8aL8W58zFqXjHLmAP2B8fkDKiWaCw==</latexit>
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Figure 8: Likelihood scan as a function of kt and ekt . Left plot shows the expected limits, while
right plot shows the observed ones. Black diamond shows the best value for kt and ekt given by
the fit. Black cross shows the expected SM values for kt and ekt . Both 68 and 95% CL limits are
shown.

Table 6: One-dimensional confidence intervals at 68 and 95% CL for kt and ekt . The upper part
of the table shows the expected limits while the lower part shows the observed limits

Parameter 68% CL 95% CL
Expected

kt (0.87,1.14) (0.74,1.27)
ekt (-0.71,0.71) (-1.01,1.01)

Observed
kt (0.89,1.17) (-1.09,-0.74) or (0.77,1.3)
ekt (0.37,1.16) or (-1.16,-0.37) (-1.4,1.4)

kt and ekt . The observed likelihood scan as a function of kt and ekt is shown in Figure 8 (right):
the best fit is compatible with the SM within 95% CL.

One-dimensional confidence intervals at 68 and 95% CL are also obtained for kt (fixing ekt to its
SM value) and for ekt (fixing kt to its SM value), as illustrated in Table 6.

We also parameterize the ttH process with the signal strength multiplier to the SM ttH cross

section, µttH, and a parameter f
Htt

CP
=

ekt
2

ekt
2+kt

2 , where the H couplings to other particles are con-

strained to their SM prediction. The sign of f
Htt

CP
is defined as the relative sign of kt and ekt . The

likelihood as a function of f
Htt

CP
, while profiling µttH, is shown in Fig. 9 for the expected and

observed results. This parameterization results in a probe for a possible fractional contribu-
tion, yielding a best fit value of | f

Htt

CP
| = 0.59 and an interval of (0.24, 0.81) at 68% CL using

multilepton final states only.

8 Combined results for CP in ttH events

We combine the results described in Section 7 for the decay channels H ! WW and H ! tt
(referred to as the multilepton decay channel in the following) with previously published CMS
results on the CP parameters in other ttH decay channels, namely the H ! gg [24] and H !
ZZ final states [43].

   CMS-PAS-HIG-21-006

• Tree-level top-Yukawa measurement
- Difficult “multilepton” topology, many objects in final state

- Use 2𝓁SS + 1τh, 3𝓁 + 0τh and 2𝓁SS + 0τh categories
- Multiclass neural network to categorize ttH, tHq, (ttW) and background
- BDT to separate CP-even from CP-odd

- Combine with γγ and ZZ* decays

• Results: 
- |fCPHtt| < 0.55 at 68% 
- Pure CP-odd coupling excluded at 3.7 σ 

⇒ Back

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-006/index.html
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• Parametrize ttH coupling:

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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- SM ttH coupling: CP-even (α = 0) 
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• Results: 
-  

- Pure CP-odd coupling excluded 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.
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- Dominant ttbb background very difficult to model 6WXG\�RI�&3�SURSHUWLHV�RI�WKH�WRS�+LJJV�LQWHUDFWLRQ�LQ�+ĺEE�GHFD\�FKDQQHO

䉬� ������IE�DW����7H9��$7/$6�&21)����������

�

Ɣ )ROORZV�FORVHO\�VWUDWHJ\�RI�WWࡄ+�+ĺEE��67;6�DQDO\VLV��VDPH�FRQWURO�UHJLRQV�DQG�EDFNJURXQG�PRGHOLQJ�
ż W+�WUHDWHG�DV�VLJQDO��UDWH�VHQVLWLYH�WR�FRXSOLQJ�GHYLDWLRQV�IURP�60

Ɣ +LJJV�FKDUDFWHUL]DWLRQ�PRGHO�SURYLGHV�()7�IUDPHZRUN�WR�FRQVWUDLQ��'�SKDVH�VSDFH�JLYHQ�E\��NWܤ���

Ɣ 6LJQDO�UHJLRQV�VSOLW�EDVHG�RQ�RXWSXW�RI�FODVVLILFDWLRQ�%'7
Ɣ &3�VHQVLWLYH�DQJXODU�YDULDEOHV�FDOFXODWHG�EHWZHHQ�WKH�WRS�TXDUNV�

XVHG�DV�GLVFULPLQDQW�LQ�VLJQDO�UHJLRQV

&3�HYHQ��60� &3�RGG

6LQJOH�OHSWRQ 'LOHSWRQ3K
\V
��5
HY
��/
HW
W��
��
���
��
��

DU
;L
Y�
��
��
��
��
��

Qࡂ � �]�D[LV

March 2022

Ph
ys

. R
ev

. L
et

t. 
76

, 4
46

8

CP-sensitive angular variables calculated between the top quarks:
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.4468
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CP Measurement in H → ττ Decay

31

Parametrize τ-Yukawa coupling:
   ATLAS-CONF-2022-032

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

May 2022

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

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

Purity

⇒ Back

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


Karsten Köneke/26

H → γγ
• BRSM(H → γγ) = 0.23%

• Expect: ~17 500 signal events
- Excellent signal reconstruction

32

Feb 2022

- Total cross section: 58 ± 6 pb

σfid. = 67 ± 6 fb 
(SM: 64 ± 4 fb)

⇒ Back

   arXiv:2202.00487 (submitted to JHEP)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
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H → γγ differential Measurements

33

   arXiv:2202.00487 (submitted to JHEP)   CMS-PAS-HIG-19-016

Feb 2022

March 2022

• O(20) 1-d and O(5) 2-d 
distributions in different phase spaces

⇒ SMEFT interpretations ⇒ Back

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html
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H → γγ SMEFT Interpretations
• Simultaneous fit to 𝑝T, 𝑁jet, 𝑚jj, Δ𝜙jj and 𝑝T(jet 1), incl. correlations
• Limits on 4 CP-even and 4 CP-odd Wilson coefficients

34

Feb 2022

   arXiv:2202.00487 (submitted to JHEP) ⇒ Back

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-13/


Karsten Köneke/26

Combination: H → γγ and H → ZZ* → 4𝓁

35

Jan 2022

Extrapolate to  
full phase space

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

55.5+4.0-3.8 pb  
(SM: 55.6 ± 2.8 pb)

Total cross section: 

   ATLAS-CONF-2022-002

⇒ Back
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D Charlton (Birmingham) – ATLAS week Intro October 2016 21

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 fiducial measurement at large ET
• H → bb dominant decay channel (BR = 58%)
• VH (V=W or Z) associated production:

- 0 lepton (Z → νν) and 1 lepton (W → 𝓁ν)

• Based on VH, H → bb analysis
- Eur. Phys. J. C 81 (2021) 178

• Veto electrons/muons
• Fit mbb 
• In-likelihood unfolding

36

   ATLAS-CONF-2022-015

miss

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-015/
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H → bb
• Cross-section measurements as function of pT(V)

37
arXiv:2007.02873

https://arxiv.org/abs/2007.02873
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H → bb
• Cross-section measurements as function of pT(V)

37
arXiv:2007.02873 arXiv:2008.02508

                         20K. Jakobs, D-ATLAS Meeting, Berlin / video, 9th September 2020                                                                                                                                       

(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

https://arxiv.org/abs/2007.02873
https://arxiv.org/abs/2008.02508
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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…

38

~3720 signal events!

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
the data and the total estimated background compared to the <T distribution of a SM Higgs boson with
<� = 125 GeV. The total signal observed in all categories (see Table 5) of about 4000 events is in
agreement, in both shape and rate, with the expected SM signal. The observed (expected) signal yields
using only the ggF-enriched #jet � 2 category with the VBF contribution fixed to the standard model
prediction reaches a significance of 2.2 (1.6) f above the background expectation.

The VBF DNN output distribution in the final signal region is presented in Figure 11. The observed
(expected) VBF signal reaches a significance of 6.6 (6.1) f above the background expectation.

The signal strengths for the ggF and VBF production modes for a Higgs boson with mass <� = 125.09 GeV
in the �!,,

⇤ decay channel are simultaneously measured to be

`ggF = 1.20 +0.16
�0.15

= 1.20 ± 0.05 (stat.) +0.09
�0.08 (exp syst.) +0.10

�0.08 (sig theo.) +0.12
�0.11 (bkg theo.)

`VBF = 0.99 +0.24
�0.20

= 0.99 +0.13
�0.12 (stat.) +0.07

�0.06 (exp syst.) +0.17
�0.12 (sig theo.) +0.10

�0.08 (bkg theo.).

The cross sections times branching fraction, fggF · B�!,, ⇤ and fVBF · B�!,, ⇤ , are simultaneously
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H → WW* → eνµν
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- 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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H → WW* → 𝓁ν𝓁ν
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• Large BRSM(H → WW*) ≈ 22%

- BRSM(H → WW* → 𝓁ν𝓁ν) = 0.5%
⇒ ~80 000 H → WW* → 𝓁ν𝓁ν events,  

but difficult backgrounds…

10.5 (11.8) σ

3.15 (4.74) σ

3.61 (1.82) σ

3.73 (2.19) σ

Significance 
observed (expected)

µ :=
�i · Bf

(�i · Bf )SM
=

observed rate

expected rate   CMS-PAS-HIG-20-013

Obs. (exp.) VBF significance: 6.6 (6.1) σ 

March 2022

March 2021

    ATLAS-CONF-2021-014 ⇒ Back

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/


Karsten Köneke/26

H → WW* → 𝓁ν𝓁ν

40

March 2022

   CMS-PAS-HIG-20-013

• Large BRSM(H → WW*) ≈ 22%
- BRSM(H → WW* → 𝓁ν𝓁ν) = 1%

⇒ ~80 000 H → WW* → 𝓁ν𝓁ν events,  
but difficult backgrounds… MVAs, categories, 2-d fits,…
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ggH

VH

qqH

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

March 2022
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• STXS comparison

= VBF + V(→qq)H
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H → ττ
• Strongest coupling to leptons

- BRSM(H → ττ) = 6.3%
⇒ ~485 000 H → ττ events
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Observed 
(expected) 
significance:

5.3 (6.2) σ

3.9 (4.6) σ

~2079 signal events!

   arXiv:2201.08269 (submitted to JHEP)
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H → ττ
• Strongest coupling to leptons

- BRSM(H → ττ) = 6.3%
⇒ ~485 000 H → ττ events

- Cut-based and multi-class neural-network analyses
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H → ττ
• 16 (15) Stage 1.2 STXS bins in 

NN (cut based) analysis
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⇒         H → ττ results from January 2022: arXiv:2201.08269 (submitted to JHEP)  
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H → ττ STXS correlations
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   Physics Briefing Twice the Higgs, twice the challange

   Phys. Lett. B 800 (2020) 135103
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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
�
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�
1+2cV

h
v

+ c2V
h2

v2 + . . .

�

�mi ȳLi S
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where V (h) denotes the Higgs potential,
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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
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CMS HH Summary
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⇒ Back

   CMS Higgs Summary Plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma
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Combination of HH → bbττ and HH → bbγγ

49

• Combine large BR & clean signatures
- BRSM(HH → bbττ) = 7.4%  ⇒  ~320 events in 139 fb-1  
- BRSM(HH → bbγγ) = 0.26% ⇒  ~11 events in 139 fb-1  

−1.0 < κλ < 6.6

−1.2 < κλ < 7.2

ATLAS 
Combination of 

 and bbττ bbγγ

Observed constraint on trilinear 
coupling at 95% CL:

Expected range:

κλ

   ATLAS-CONF-2021-052

Oct 2021

Assume no HH production
⇒ Back

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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HH: HEFT fun with bbγγ + bbττ
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   ATL-PHYS-PUB-2022-019

• Interpretation in HEFT

March 2022

⇒ Back
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HH: Future fun
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• Extrapolation to HL-LHC from full Run 2 combination of: 
- BRSM(HH → bbττ) = 7.4%  ⇒  ~6900 events in 3000 fb-1  

- BRSM(HH → bbγγ) = 0.26% ⇒  ~240 events in 3000 fb-1 

   ATL-PHYS-PUB-2022-005

⇒ Back
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HH: Future fun
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• Extrapolation to HL-LHC from full Run 2 combination of: 
- BRSM(HH → bbττ) = 7.4%  ⇒  ~6900 events in 3000 fb-1  

- BRSM(HH → bbγγ) = 0.26% ⇒  ~240 events in 3000 fb-1 
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Higgs Couplings at HL-LHC

• Dataset 25× larger

• Uncertainty reduction  
by factor 3

• Theory uncertainties 
dominant

52
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Measurements here assume 
no BSM in Higgs width
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Current 
precision 

ATLAS-CONF-2021-53
CMS-PAS-HIG-19-005

Higgs couplings strength 
with respective particles
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Global

Production Modes
Main production modes observed (assume SM branching ratios)

53

Oct 2021

   ATLAS-CONF-2021-053⇒ Back
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The κ Framework
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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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(� · BR) (i ! H ! f)
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• 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:

⇒ Back
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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%

< 9% @ 95% CL  (< 11% expected)

Add:
VBF H → invisible

≈25%

≈25%

Oct 2021
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κ Coupling Modifiers: Fermions vs. Vector Bosons

56

   ATLAS-CONF-2021-053   arXiv:2204.12957 (submitted to Eur. Phys. J. C)

H → ττ H → WW* → 𝓁ν𝓁ν Combination

   CMS-PAS-HIG-20-013
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Effective Field Theories: Muon Decay
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Theory of Weak Interaction  
“Full" Field Theory

Fermi-Theory (1933)  
Effective Field Theory

→ →

→

→
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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

3
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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)

58
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gluon

gluon
Higgs =

?
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γ

γ

Higgs

γ

γ

Higgs =
?

   ATLAS-CONF-2021-053

Oct 2021
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Ratio of Coupling Modifiers
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Gluon

Gluon
Higgs

t

t

t

• No assumption on total width needed; assume all parameters >0

Gluon

Gluon
Higgst

t
t

Gluon

Gluon
Higgs =

?

• With ttH measurement:
⇒ Test compatibility between 

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

coupling modifier for gluons (κg)

   ATLAS-CONF-2021-053

Oct 2021
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Reducing the Complexity
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R
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Warsaw basis

• Perform principal component analysis of covariance matrix 
- Group operators with similar effect;  remove insensitive directions
⇒ Identify 10 most sensitive combinations to be fit simultaneously 
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EFT impact on Measurements
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Warsaw basis Rotated fit basis

⇒ Back    ATLAS-CONF-2021-053
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SMEFT

62
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Brout-Englert-Higgs Mechanism

63

• Solution:  
(developed in 1960s by Brout, Englert, Higgs, and others)

- Introduce complex scalar field 𝜙(𝑥) with potential:

V (�) = µ2
�
�†�

�
+ �

�
�†�

�2

Expand 𝜙(𝑥) around new vacuum:

�(x) =
1p
2

✓
0

v +H(x)

◆

For λ > 0,  µ2 > 0:  

Re(𝜙)

Im(𝜙)

V(𝜙)

I feel comfortable here in the 
middle

• Problem: Mass of elementary particles: 
- Mass terms in Lagrangian (boson:                   ;  fermion:            ) violate invariance under gauge transformation!�1

2
m2

AAµA
µ �mf  ̄ 

For λ > 0,  µ2 < 0:  
Spontaneous symmetry breaking

V(𝜙)

Re(𝜙)

Im(𝜙)

Minimum at               h�i = vp
2
=

r
�µ2

2�
, v ⇡ 246GeV
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Lagrangian after electroweak Symmetry Breaking
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• Resulting Higgs-boson Lagrangian:

H self interactions

LH 3 �2

✓
g2

4
W †

µ
Wµ

◆
� µ2�2 � ��4

Expand 𝜙(𝑥) around vacuum:

�(x) =
1p
2

✓
0

v +H(x)

◆
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⇒
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p
2�v
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Fermion Masses

65

= ��fvp
2
 ̄ � �fp

2
H ̄ 

Expand 𝜙(𝑥) around minimum:

�(x) =
1p
2

✓
0

v +H(x)

◆

�i
mf

v
= �i

g

2

mf

mWFermion mass

⇒

mf =
�fvp
2

• Fermion mass via Yukawa coupling λf :

Lfermion = ��f
⇥
 ̄L� R +  ̄R� L

⇤
Fermion

Higgs field

• Also Fermion masses violate fundamental invariance under gauge transformations

Fundamentally independent from masse generation for gauge bosons!
(*) simplified
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HH: Twice the Higgs, twice the fun

66

• Probing the Higgs potential via HHH coupling:

H self interactions

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

LH 3 v
2
g
2

8
W

†
µ
W

µ +
vg

2

4
HW

†
µ
W

µ +
g
2

8
H

2
W

†
µ
W

µ � �v
2
H

2 � �vH
3 � �

4
H

4LH 3 v
2
g
2

8
W

†
µ
W

µ +
vg

2

4
HW

†
µ
W

µ +
g
2

8
H

2
W

†
µ
W

µ � �v
2
H

2 � �vH
3 � �

4
H

4HH

1428th February 2020 Katharine Leney

All HH decay 
modes covered, 

either by 
targeted 

analyses, or by 
multilepton 

analysis (covering 
multi-!/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

• Gluon fusion: σ = 31.05 fb ⇒ ~4300 events in 139 fb-1 

Destructive interference!

HH
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