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The Higgs boson

2

• Discovery 2012 by ATLAS and CMS @LHC 
• Observation from combination of 3 decay channels in 1 production process 

• 10 years later 
• Single measurements in 7 decay channels and 6 production channels 
• Established spin-parity quantum numbers 
• Extremely precise mass measurement 
• Limits on pair production and self interaction Nature 607, pages 52-59 (2022)

https://www.nature.com/articles/s41586-022-04893-w
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Top Yukawa coupling
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• Couplings to fermions (Yukawa couplings) proportional to mass 
• Top Yukawa coupling much larger than all others 
• Dominates fermion loop contributions → model-dependent extraction 

• Model-independent measurement 
• via associated production with a top quark pair (ttH̄) or a single top quark (tH)

Nature 607, pages 60-68 (2022)

https://www.nature.com/articles/s41586-022-04892-x
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Deviations from SM?
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• μ-framework for signal strengths 

•  
• κ-framework for coupling modifiers 

•    

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.
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Figure 2: Observed and predicted Higgs boson production cross-sections and branching fractions. a, Cross
sections for di�erent Higgs boson production processes are measured assuming SM values for the decay branching
fractions. b, Branching fractions for di�erent Higgs boson decay modes are measured assuming SM values for the
production cross sections. The lower panels show the ratios of the measured values to their SM predictions. The
vertical bar on each point denotes the 68% confidence interval. The ?-value for compatibility of the measurement
and the SM prediction is 65% for a and 56% for b.

Branching fractions of individual Higgs boson decay modes are measured by setting the cross sections for
Higgs boson production processes to their respective SM values. The results are shown in Figure 2(b). The
branching fractions of the WW, // , ,±

,
⌥ and g

+
g
� decays, which were already observed in the Run 1

data, are measured with a precision ranging from 10% to 12%. The 11̄ decay mode is observed with a
signal significance of 7.0f (expected 7.7f), while the observed (expected) signal significances for the
� ! `

+
`
� and � ! /W decays are 2.0f (1.7f) and 2.3f (1.1f), respectively.

The assumptions about the relative contributions of di�erent decay or production processes in the above
measurements are relaxed by directly measuring the product of production cross section and branching
fraction for di�erent combinations of production and decay processes. The corresponding results are
shown in Figure 3. The measurements are in agreement with the SM prediction.

To determine the value of a particular Higgs boson coupling strength, a simultaneous fit of many individual
production times branching fraction measurements is required. The coupling fit presented here is performed
within the ^-framework [53] with a set of parameters + that a�ect the Higgs boson coupling strengths
without altering any kinematic distributions of a given process.

Within this framework, the cross section times the branching fraction for an individual measurement is
parameterized in terms of the multiplicative coupling strength modifiers ^. A coupling strength modifier
^? for a production or decay process via the coupling to a given particle ? is defined as ^

2
? = f?/fSM

?

or ^
2
? = �?/�SM

? , respectively, where �? is the partial decay width into a pair of particles ?. The
parameterization takes into account that the total decay width depends on all decay modes included in
the present measurements, as well as currently undetected or invisible, direct or indirect decays predicted
by the SM (such as those to gluons, light quarks, or neutrinos) and the hypothetical decays into non-SM
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Figure 2: Observed and predicted Higgs boson production cross-sections and branching fractions. a, Cross
sections for di�erent Higgs boson production processes are measured assuming SM values for the decay branching
fractions. b, Branching fractions for di�erent Higgs boson decay modes are measured assuming SM values for the
production cross sections. The lower panels show the ratios of the measured values to their SM predictions. The
vertical bar on each point denotes the 68% confidence interval. The ?-value for compatibility of the measurement
and the SM prediction is 65% for a and 56% for b.

Branching fractions of individual Higgs boson decay modes are measured by setting the cross sections for
Higgs boson production processes to their respective SM values. The results are shown in Figure 2(b). The
branching fractions of the WW, // , ,±

,
⌥ and g

+
g
� decays, which were already observed in the Run 1

data, are measured with a precision ranging from 10% to 12%. The 11̄ decay mode is observed with a
signal significance of 7.0f (expected 7.7f), while the observed (expected) signal significances for the
� ! `

+
`
� and � ! /W decays are 2.0f (1.7f) and 2.3f (1.1f), respectively.

The assumptions about the relative contributions of di�erent decay or production processes in the above
measurements are relaxed by directly measuring the product of production cross section and branching
fraction for di�erent combinations of production and decay processes. The corresponding results are
shown in Figure 3. The measurements are in agreement with the SM prediction.

To determine the value of a particular Higgs boson coupling strength, a simultaneous fit of many individual
production times branching fraction measurements is required. The coupling fit presented here is performed
within the ^-framework [53] with a set of parameters + that a�ect the Higgs boson coupling strengths
without altering any kinematic distributions of a given process.

Within this framework, the cross section times the branching fraction for an individual measurement is
parameterized in terms of the multiplicative coupling strength modifiers ^. A coupling strength modifier
^? for a production or decay process via the coupling to a given particle ? is defined as ^

2
? = f?/fSM

?

or ^
2
? = �?/�SM

? , respectively, where �? is the partial decay width into a pair of particles ?. The
parameterization takes into account that the total decay width depends on all decay modes included in
the present measurements, as well as currently undetected or invisible, direct or indirect decays predicted
by the SM (such as those to gluons, light quarks, or neutrinos) and the hypothetical decays into non-SM

7

Nature 607, pages 60-68 (2022)

https://doi.org/10.5170/CERN-2013-004
https://www.nature.com/articles/s41586-022-04892-x
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STXS approach
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• Simplified template cross 
sections 
• defined in mutually 

exclusive regions of 
phase space 

• simplified fiducial 
volumes 

• inclusive in Higgs 
boson decay 

• SM production 
processes serving as 
kinematic templates 

• Common choice of bins 
for ATLAS and CMS 
• allows for combination

Nature 607, pages 52-59 (2022)

https://arxiv.org/pdf/1906.02754.pdf
https://arxiv.org/pdf/1906.02754.pdf
https://www.nature.com/articles/s41586-022-04893-w
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ttH̄, H→bb̄
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JHEP 06 (2022) 97

Single lepton and dilepton regions 
Signal and control regions depending on number of jets and b-jets 

Single lepton boosted for Higgs pT > 300 GeV 
Classification BDT for signal regions and yields for control regions in fit

https://link.springer.com/article/10.1007/JHEP06(2022)097
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ttH̄, H→bb̄
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Inclusive measurement

Total uncertainty dominated by  
tt+̄≥1b modelling systematics 

No theoretical constraints applied to its cross section

JHEP 06 (2022) 97

SR�4 9
�41, ?�T 2 [0,120) GeV SR�4 9

�41, ?�T 2 [120,200) GeV SR�4 9
�41, ?�T 2 [200,300) GeV SR�4 9

�41, ?�T 2 [300,1) GeV

Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit

CC̄� 33.6± 4.1 12± 12 15.6± 1.8 5.5± 5.3 7.71± 0.89 2.7± 2.6 3.72± 0.44 1.3± 1.3

C� 0.249± 0.065 0.249± 0.064 0.148± 0.063 0.146± 0.061 0.043± 0.032 0.043± 0.031 0.031± 0.027 0.031± 0.025

CC̄ + �11 432± 59 546± 24 203± 27 263± 12 92± 14 116.9± 8.8 42± 15 37.9± 6.0

CC̄ + �12 27± 29 48.5± 9.1 11± 12 16.3± 5.0 4.0± 4.2 6.5± 1.4 1.9± 2.1 3.69± 0.96

CC̄ + / 12.5± 2.0 12.6± 2.0 7.4± 1.6 7.6± 1.6 4.18± 0.72 4.15± 0.70 2.05± 0.45 2.06± 0.44

CC̄ + , 0.75± 0.31 0.75± 0.31 0.38± 0.12 0.40± 0.11 0.27± 0.12 0.27± 0.11 0.124± 0.068 0.127± 0.068

CC̄ + light 3.6± 4.9 4.8± 6.2 0.97± 0.96 0.92± 0.74 0.46± 0.65 0.41± 0.47 0.22± 0.31 0.22± 0.25

CC̄CC̄ 3.1± 1.5 3.0± 1.5 2.4± 1.2 2.3± 1.2 1.38± 0.70 1.36± 0.69 0.81± 0.41 0.79± 0.40

Fakes 3.7± 1.1 3.7± 1.1 1.33± 0.51 1.33± 0.51 0.40± 0.23 0.40± 0.23 0.57± 0.30 0.57± 0.30

Other sources 19.1± 6.9 19.3± 7.0 7.1± 4.4 7.7± 4.3 4.3± 4.0 4.5± 4.1 2.0± 1.5 2.0± 1.5

Total 536± 71 651± 21 249± 32 305± 11 114± 16 137.2± 8.1 53± 15 48.7± 5.7

Data 647 306 135 48

CR3 9
31 hi CR�4 9

31 hi CR�4 9
31 lo

Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit

CC̄� 25.2± 3.1 8.8± 8.6 117± 13 42± 41 76.4± 8.4 27± 27

C� 1.26± 0.15 1.23± 0.15 2.06± 0.39 2.02± 0.38 1.19± 0.53 1.12± 0.50

CC̄ + �11 1900± 510 2010± 130 2810± 300 4070± 210 1730± 210 2550± 160

CC̄ + �12 350± 360 550± 130 700± 710 1190± 240 1500± 1500 2550± 470

CC̄ + / 11.1± 1.8 10.8± 1.7 57.1± 7.4 57.5± 7.3 51.7± 7.0 52.3± 6.7

CC̄ + , 1.88± 0.59 1.84± 0.55 10.8± 1.6 10.9± 1.6 21.5± 3.7 21.8± 3.4

CC̄ + light 128± 74 119± 61 200± 120 210± 120 850± 350 900± 340

CC̄CC̄ 0.047± 0.026 0.044± 0.024 12.3± 6.1 12.0± 6.1 8.9± 4.5 8.8± 4.4

Fakes 6.3± 1.8 6.4± 1.8 47± 12 47± 12 56± 14 56± 14

Other sources 125± 35 125± 34 211± 62 211± 62 251± 73 257± 73

Total 2540± 630 2835± 54 4160± 810 5855± 79 4500± 1600 6431± 83

Data 2827 5865 6429

Table 4: Pre-fit and post-fit event yields in the dilepton channel (top) signal regions and (bottom) control regions. Post-
fit yields are after the inclusive fit in all channels. All uncertainties are included, taking into account correlations in the
post-fit case. The : (CC̄ +�11) uncertainty is not defined pre-fit and therefore only included in the post-fit uncertainties.
For the CC̄� signal, the pre-fit yield values correspond to the theoretical prediction and corresponding uncertainties,
while the post-fit yield and uncertainties correspond to those in the inclusive signal-strength measurement. ‘Other
sources’ refers to s-channel, t-channel, C, , C,/ , C/@, /+ jets and diboson events.

Tables 4 and 5 show the observed and predicted signal and background event yields in all SRs and CRs
before and after the inclusive fit to data. Post-fit values are summarised in Figure 5, where the precision
increases post-fit due to profiling and the uncertainties can be observed to increase as a function of ?�T ,
ranging from 2% to 12%. The SR BDT distributions are presented in Figures 6 and 7, while the �'avg

11

distributions in the single-lepton resolved CRs are shown in Figure 8. All distributions are compatible with
the data. The normalisation factor for the CC̄ + �11 background is found to be : (CC̄ + �11) = 1.28 ± 0.08.
The best-fit ` value is

` = 0.35 ± 0.20 (stat.) +0.30
�0.28 (syst.) = 0.35+0.36

�0.34,

corresponding to an observed (expected) significance of 1.0 (2.7) standard deviations with respect to the
background-only hypothesis. This observed inclusive ` and its uncertainty, common to all channels, cannot
a�ect the shape of the signal distributions but only their normalisation, leading to post-fit signal yield
uncertainties very close to 100%.

19

https://link.springer.com/article/10.1007/JHEP06(2022)097
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ttH̄, H→bb̄

8

Differential measurement

Statistical and systematic uncertainties of 
similar size in most bins 

Results compatible with SM predictions 
within 1-2 σ,  

but several negative fit values

JHEP 06 (2022) 97

Dedicated systematics in ttb̄

https://link.springer.com/article/10.1007/JHEP06(2022)097
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t(t)̄H, H→bb̄

9

CMS-PAS-HIG-19-011

Fitted distributions Inclusive measurement

Full hadronic, single lepton and dilepton regions 
Signal and control regions depending on number of jets and b-jets 

Multiclass ANNs separately for each year 
ANN output and likelihood ratio of outputs used in fit  
Different treatment of tt+̄≥1b background wrt ATLAS

https://cds.cern.ch/record/2868175
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ttH̄, H→bb̄

10

Results compatible with SM (≤2.4σ)  
and similar to ATLAS 

Uncertainty dominated by systematics for 
the inclusive measurement, mostly similar 

size for differential

CMS-PAS-HIG-19-011

https://cds.cern.ch/record/2868175
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tH, H→bb̄

11

CMS-PAS-HIG-19-011

μtH < 14.6 @ 95%CL 
With μttH̄ fixed to 1 and treated as 

background

Simultaneous fit

34

Figure 14: Observed likelihood-ratio test statistic (blue shading) as a function of the ttH and
tH signal strength modifiers µttH and µtH, together with the observed (blue) and SM expected
(black) best-fit points (cross and diamond markers) as well as the 68% (solid lines) and 95%
(dashed lines) CL regions.

10.3 Coupling measurement

Third, the Higgs boson coupling is analysed in different models, where both ttH and tH are
treated as signal.

Assuming SM Higgs boson coupling structure, the coupling strength of the Higgs boson to
top quarks and to vector bosons is allowed to vary. This is parameterised in terms of the
coupling strength modifiers kt and kV, which denote the coupling strengths relative to the SM
expectation following Ref. [91]. While the ttH production rate is proportional to k2

t , for tH
production interference occurs between processes in which the Higgs boson couples to the top
quark or to the W boson, as shown in Fig. 1. As such, the tH production cross section stHq/tHW
is sensitive to the relative sign of kt and kV:

stHq =

⇣
2.63 · k2

t + 3.58 · k2
V � 5.21 · ktkV

⌘
sSM

tHq ,

stHW =

⇣
2.91 · k2

t + 2.40 · k2
V � 4.22 · ktkV

⌘
sSM

tHW .

The observed and expected values of the likelihood ratio test statistic for different values of kt
and kV are shown in Fig. 15. Best-fit values of (kt , kV) of (+0.59,+1.40) are observed, compati-
ble with the SM expectation at the level of 2 SD. Assuming kV = 1, a best-fit value of +0.54+0.19

�0.34
is obtained.

Furthermore, the CP structure of the top-Higgs coupling is probed for potential non-SM con-
tributions. For this, the amplitude of the top-Higgs interaction is parameterised as in Ref. [92]
as

A(Htt) = �
mt

v
yt

⇣
kt + ik̃tg5

⌘
yt ,

where yt and yt are a Dirac spinor and its adjoint, respectively, mt is the top quark mass, kt and
k̃t denote the coupling strength modifiers to a purely CP-even and a purely CP-odd component,
respectively, and v is the vacuum expectation value of the Higgs field. In the SM, kt = 1 and
k̃t = 0.

Coupling measurement 
Assuming SM Higgs boson coupling 

structure

https://cds.cern.ch/record/2868175
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H→γγ
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Same decay channel, several production processes 
First differential measurement of ttH̄ 

BDT to distinguish top-associated production from other sources 
DNN to separate tH from ttH̄

JHEP 07 (2021) 027

http://dx.doi.org/10.1007/JHEP07(2021)027
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H→γγ

13

Multiclass BDT plus binary BDTs within 
top-associated production categories 

SMEFT interpretation  
additionally to κ-framework 

All results in agreement with SM 
expectations

JHEP 07 (2023) 088

https://link.springer.com/article/10.1007/JHEP07(2023)088
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H→invisible
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Search in ttH̄ and VH 
with fully hadronic decay of the top-pair 

or associated vector boson 
Control regions for background estimate 

include leptons or photons

arXiv:2303.01214

Combination with Run 1 and other channels

http://arxiv.org/abs/2303.01214
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CP structure
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Search for an admixture of a CP-odd component in the top-Higgs coupling 
Expressed as a coupling modifier κt̃ or κ’t and a mixing angle α 
Sensitive variables are e.g. relative directions of the top quarks

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 the tree-level. The
increasing datasets at the LHC have 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]. This letter reports on a 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 with quantum numbers �⇠% = 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 to vector bosons have been ruled out [8–14]. Analyses of CC̄� events with � ! WW decays [5, 6] have
also excluded pure ⇠%-odd top–Higgs couplings at more than a 3 f significance. But 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 the top–Higgs coupling at the 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 place 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. An anomalous value of U would produce an
admixture with a pseudoscalar coupling (�⇠% = 0+�) and change the di�erential cross-section relative to
the SM expectation, while a variation of ^0C would induce a change in the total cross-section [15, 25–28].

This study measures the values of ^0C and U with a binned profile likelihood fit. It closely follows a recent
analysis optimised for the measurement of the CC̄� (! 11) production cross-section [29]. This analysis
studies an identical phase space using the same physics object definitions and a similar methodology for
event selection and evaluation of systematic uncertainties with respect to that cross-section measurement.
A notable exception is that this analysis considers both the CC̄� and C� production modes as signals.
No attempt was made to optimise 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. These include the definition of signal regions, the
signal-background discrimination strategy and a few details in the definition of systematic uncertainties in
signal and background modelling. In the case of C� production, the destructive interference between the
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Figure 2: Upper (lower) row: representative Feynman diagrams for the tH process in the t-
channel (tW-associated) production mode.

an integrated luminosity of 138 fb�1. We extend the cross section measurement published by
the CMS Collaboration [26] by interpreting the results in terms of the spin-parity of the H bo-
son. As in previous analyses [25], the separation of the ttH and tH signals from backgrounds
is improved with machine learning techniques, mainly boosted decision trees (BDTs) and arti-
ficial deep neural networks (DNNs) [55, 56]. Machine learning methods are also employed to
improve the separation between CP-odd and CP-even scenarios, both pure and mixed, for the
ttH and tH signals. Tabulated results are provided in the HEPData record for this analysis [57].

2 Phenomenology

The Lagrangian for the fermions-Higgs interaction can be written as a superposition of am-
plitudes with a CP-even and a CP-odd phase, 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 spin-0 H boson is a mass eigenstate,
the ttH Lagrangian can be parametererized as follows:

LttH =
mt

v
ȳt(kt + ig5ekt)ytH , (1)

where ȳt and yt are Dirac spinors, v is the SM Higgs field vacuum expectation value, while kt
and ekt are respectively the CP-even and CP-odd top-Higgs Yukawa coupling modifiers. The
parameter kt is proportional to cos(a), while ekt is proportional 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 ekt affects the coupling and hence the cross section and kinematic properties of both the
ttH and tH processes. We use the variation in the differential cross section of the ttH and
tH processes depending on the choice of a derived in Ref. [58]. 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 throw light on the exact CP scenario that is favoured by Nature.
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Figure 15: Observed likelihood ratio test statistic (blue shading) as a function of kt and kV,
together with the observed (blue) and SM expected (black) best-fit points (cross and diamond
markers) as well as the 68% (solid lines) and 95% (dashed lines) CL regions (left). The observed
(solid blue line) and expected (dotted black line) values of the likelihood ratio for kV = 1 are
also shown (right), together with the 1 (green area) and 2 (yellow area) standard deviations
confidence intervals.

Figure 16 shows the observed and expected values of the likelihood ratio test statistic as a
function of kt and k̃t , where kV is fixed to the SM value of 1. Best-fit values of (kt , k̃t) of
(+0.53,�0.00) are observed, compatible with the SM expectation at the level of 2 SD. The
results are also expressed in terms of the CP-odd fraction [92]

fCP =
k̃2

t

k̃2
t + k2

t
· sign

⇣
k̃t/kt

⌘

as well as the CP mixing angle [93]

cos a =
ktq

k̃2
t + k2

t

shown in Fig. 17. The reduction in observed sensitivity relative to the expectation is a conse-
quence of the best-fit value of kt being smaller than 1, which leads to a shallower likelihood
contour along a circle in (kt , k̃t) space.

11 Summary
A combined analysis of the associated production of a Higgs boson (H) with a top quark-
antiquark pair (ttH) or a single top quark (tH) with the Higgs boson decaying into a bottom
quark-antiquark pair has been presented. The analysis has been performed using pp collision
data recorded with the CMS detector at a centre-of-mass energy of 13 TeV, corresponding to
an integrated luminosity of 138 fb�1. Candidate events are selected in mutually exclusive cat-
egories according to the lepton and jet multiplicity, targeting all decay channels of the tt sys-
tem. Neural network discriminants are used to further categorise the events according to the
most probable process, targeting the signal and different topologies of the dominant tt + jets
background, as well as to separate the signal from the background. Compared to previous

Phys. Rev. D 104 (2021) 052004

CMS-PAS-HIG-19-011arXiv:2303.05974

separation between 1-jets (�'avg
11 ) is used as the observable which enters the fit for CR5 9 ,�41

lo and CR5 9 ,�41
hi

regions as it better constrains the shape of the backgrounds. All mentioned CRs have di�erent fractions of
CC̄ + light, CC̄ + �12 and CC̄ + �11 events and this helps to constrain the systematic uncertainties in each of
these components.

Table 1: Definition of the CRs and TRs according to the number of jets and 1-tagged jets using di�erent 1-tagging
selection criteria, and the number of boosted Higgs boson candidates. For CRs, the bottom row indicates the
observables used in the fit to data in the corresponding regions. For the TRboosted region, the 1-tagged jets flagged
with † are not constituents of the boosted Higgs boson candidate. Events must pass #1-tag requirements for each
1-tagging selection criteria.

Region
Dilepton ✓+ jets

TR�4 9 ,�41 CR�4 9 ,31
hi CR�4 9 ,31

lo CR3 9 ,31
hi TR�6 9 ,�41 CR5 9 ,�41

hi CR5 9 ,�41
lo TRboosted

#jets � 4 = 3 � 6 = 5 � 4

#1-tag

@85% – � 4

@77% – – � 2†

@70% � 4 = 3 � 4 –

@60% – = 3 < 3 = 3 – � 4 < 4 –

#boosted cand. – 0 � 1

Fit observable – Yield – �'avg
11 –

In the TRs, two sets of boosted decision trees (BDT) are trained: reconstruction BDTs and classification
BDTs. The former is trained to assign jets as coming from the decay of the Higgs boson or top quarks
in CC̄� events, while the latter is trained to discriminate the CC̄� signal against the backgrounds. Both
the reconstruction BDTs and the classification BDTs are trained using simulated SM CC̄� events. It was
tested that their performance is equally good for a pure ⇠%-odd signal. For both the reconstruction and
classification BDTs, the training procedures are performed independently for each TR and are identical
to those used in Ref. [29]. The reconstruction BDTs are trained to classify the correct combinations of
jet assignments from random ones. In order to reconstruct the top-quark and Higgs boson candidates,
for each event, all possible permutations of jet assignments are evaluated and the permutation with the
highest BDT score is selected. The reconstruction BDTs provide important information that improves the
performance of the classification BDTs, whilst allowing for the calculation of observables sensitive to the
⇠% nature of the Yukawa coupling. Classification BDT inputs include reconstruction BDT (DNN in the
boosted channel) outputs, pseudo-continuous 1-tagging discriminant scores of jets, and kinematic features,
such as angular distributions and invariant masses between 1-tagged jets. The classification BDTs are
used to further refine the TRs to define the final CRs and SRs, as detailed later. The classification BDTs
used in TR�4 9 ,�41 , TR�6 9 ,�41 and TRboosted are henceforth denoted by BDT�4 9 ,�41, BDT�6 9 ,�41 and
BDTboosted, respectively.

Dedicated ⇠%-sensitive observables are computed in TR�4 9 ,�41 and TR�6 9 ,�41 and are used in the fit to
determine the ⇠% properties of the top-quark Yukawa coupling. Two ⇠% observables, 12 and 14, were
found to provide the best discrimination in TR�6 9 ,�41 of the ✓+ jets channel and TR�4 9 ,�41 of the dilepton
channel, respectively. They are defined as:

12 =
( Æ?1 ⇥ Î) · ( Æ?2 ⇥ Î)

| Æ?1 | | Æ?2 |
, and 14 =

( Æ?1 · Î) ( Æ?2 · Î)
| Æ?1 | | Æ?2 |

,

7

http://dx.doi.org/10.1103/PhysRevD.104.052004
https://cds.cern.ch/record/2868175
https://arxiv.org/abs/2303.05974
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Dedicated ATLAS result with 1 or 2 leptons 
CMS result with same selection as cross section measurement, only leptonic channels 

Results compatible with pure CP-even coupling structure

CMS-PAS-HIG-19-011 arXiv:2303.05974

https://cds.cern.ch/record/2868175
https://arxiv.org/abs/2303.05974
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Dedicated multilepton analysis 
Results compatible with pure CP-even 

coupling structure

JHEP 07 (2023) 092

Input variables to CP BDT

Multilepton fit Combined fit

mtt̄H ΔηBB ΔRll

http://dx.doi.org/10.1007/JHEP07(2023)092
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• ttH̄ and tH 
• Allow for a precise study of the top-Higgs coupling 
• Inclusive and differential cross section measurements compatible with SM 

predictions 
• In ttH̄(bb̄) ATLAS and CMS measure similar μttH̄, <2.4σ below SM expectation 

• Heavily using machine learning techniques 
• Better understanding of background necessary to exploit upcoming high statistics 

datasets 
• CP structure of the top-Higgs coupling 

• Has impact on several kinematic distributions 
• Searches for admixture of CP-odd component, expressed as mixing angle or 

fraction 
• All results compatible with SM prediction
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Nature 607, pages 60-68 (2022) Nature 607, pages 52-59 (2022)

https://www.nature.com/articles/s41586-022-04892-x
https://www.nature.com/articles/s41586-022-04893-w
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JHEP 06 (2022) 97

Analysis strategy

Mass distributions

https://link.springer.com/article/10.1007/JHEP06(2022)097
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JHEP 06 (2022) 97

Boosted Higgs DNN tagger output

Migration matrix

tt+̄jets uncertainties

log(S/B) 
distribution

https://link.springer.com/article/10.1007/JHEP06(2022)097
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Figure 7: Comparison between data and prediction for the BDT discriminant in the single-lepton SRs after the
inclusive fit to the data. The resolved channel is shown for (a) 0  ?

�

T < 120 GeV, (b) 120  ?
�

T < 200 GeV, (c)
200  ?

�

T < 300 GeV, (d) 300  ?
�

T < 450 GeV and (e) ?�T � 450 GeV (yield only). The boosted channel is shown
for (f) 300  ?

�

T < 450 GeV and (g) ?�T � 450 GeV. The CC̄� signal yield (solid red) is normalised to the fitted `

value from the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total background
prediction. The uncertainty band includes all uncertainties and their correlations.
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(b)

Figure 8: Comparison between data and prediction for �'avg
11

after the inclusive fit to the data in the single-lepton (a)

CR5 9
�41 lo and (b) CR5 9

�41 hi control regions. The CC̄� signal yield (solid red) is normalised to the fitted ` value from
the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total background prediction.
The uncertainty band includes all uncertainties and their correlations. The first (last) bin includes the underflow
(overflow).
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Figure 5: Comparison of predicted and observed event yields in each of the control and signal regions in the (a)
dilepton and (b) single-lepton channels after the fit to the data. The uncertainty band includes all uncertainties and
their correlations.
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(d)

Figure 6: Comparison between data and prediction for the BDT discriminant in the dilepton SRs after the inclusive fit
to the data, for (a) 0  ?

�

T < 120 GeV, (b) 120  ?
�

T < 200 GeV, (c) 200  ?
�

T < 300 GeV and (d) ?�T � 300 GeV.
The CC̄� signal yield (solid red) is normalised to the fitted ` value from the inclusive fit. The dashed line shows the
CC̄� signal distribution normalised to the total background prediction. The uncertainty band includes all uncertainties
and their correlations.
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Figure 7: Comparison between data and prediction for the BDT discriminant in the single-lepton SRs after the
inclusive fit to the data. The resolved channel is shown for (a) 0  ?

�

T < 120 GeV, (b) 120  ?
�

T < 200 GeV, (c)
200  ?

�

T < 300 GeV, (d) 300  ?
�

T < 450 GeV and (e) ?�T � 450 GeV (yield only). The boosted channel is shown
for (f) 300  ?

�

T < 450 GeV and (g) ?�T � 450 GeV. The CC̄� signal yield (solid red) is normalised to the fitted `

value from the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total background
prediction. The uncertainty band includes all uncertainties and their correlations.
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(b)

Figure 8: Comparison between data and prediction for �'avg
11

after the inclusive fit to the data in the single-lepton (a)

CR5 9
�41 lo and (b) CR5 9

�41 hi control regions. The CC̄� signal yield (solid red) is normalised to the fitted ` value from
the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total background prediction.
The uncertainty band includes all uncertainties and their correlations. The first (last) bin includes the underflow
(overflow).
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(b)

Figure 10: Comparison between data and prediction for (a) the reconstruction BDT score for the Higgs boson
candidate identified using Higgs boson information, and (b) the average �[ between 1-tagged jets, after the inclusive
fit to the data in the dilepton resolved channel for 0  ?

�

T < 120 GeV. The CC̄� signal yield (solid red) is normalised
to the fitted ` value from the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total
background prediction. The uncertainty band includes all uncertainties and their correlations.
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Figure 11: Comparison between data and prediction for (a) the likelihood discriminant, and (b) the average �' for all
possible combinations of 1-tagged jet pairs, after the inclusive fit to the data in the single-lepton resolved channel for
0  ?

�

T < 120 GeV. The CC̄� signal yield (solid red) is normalised to the fitted ` value from the inclusive fit. The
dashed line shows the CC̄� signal distribution normalised to the total background prediction. The uncertainty band
includes all uncertainties and their correlations.
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Figure 10: Comparison between data and prediction for (a) the reconstruction BDT score for the Higgs boson
candidate identified using Higgs boson information, and (b) the average �[ between 1-tagged jets, after the inclusive
fit to the data in the dilepton resolved channel for 0  ?

�

T < 120 GeV. The CC̄� signal yield (solid red) is normalised
to the fitted ` value from the inclusive fit. The dashed line shows the CC̄� signal distribution normalised to the total
background prediction. The uncertainty band includes all uncertainties and their correlations.
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Figure 11: Comparison between data and prediction for (a) the likelihood discriminant, and (b) the average �' for all
possible combinations of 1-tagged jet pairs, after the inclusive fit to the data in the single-lepton resolved channel for
0  ?

�

T < 120 GeV. The CC̄� signal yield (solid red) is normalised to the fitted ` value from the inclusive fit. The
dashed line shows the CC̄� signal distribution normalised to the total background prediction. The uncertainty band
includes all uncertainties and their correlations.
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Figure 12: Comparison between data and prediction for the DNN %(�) output for the Higgs boson candidate after
the inclusive fit to the data in the single-lepton boosted channel for (a) 300  ?

�

T < 450 GeV and (b) ?�T � 450 GeV.
The CC̄� signal yield (solid red) is normalised to the fitted ` value from the inclusive fit. The dashed line shows the
CC̄� signal distribution normalised to the total background prediction. The uncertainty band includes all uncertainties
and their correlations.
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Figure 13: Post-fit distributions of the reconstructed Higgs boson candidate mass for the (a) dilepton SR�4 9
�41, (b)

single-lepton resolved SR�6 9
�41 and (c) single-lepton boosted SRboosted signal regions. The CC̄� signal yield (solid red)

is normalised to the fitted ` value from the inclusive fit. The dashed line shows the CC̄� signal distribution normalised
to the total background prediction. The uncertainty band includes all uncertainties and their correlations. The first
(last) bin includes the underflow (overflow).
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(f)

Figure 16: Pre-fit (top) and post-fit (bottom) distributions of the number of jets in the (a, d) dilepton SR�4 9
�41, (b, e)

single-lepton resolved SR�6 9
�41 and (c, f) single-lepton boosted SRboosted signal regions. The CC̄� signal yield (solid

red) is normalised to the Standard Model expectation (the fitted ` value from the inclusive fit) in the pre-fit (post-fit)
distributions. The dashed line shows the CC̄� signal distribution normalised to the total background prediction.
The uncertainty band includes all uncertainties and their correlations, except in the pre-fit distributions where the
uncertainty in the : (CC̄ + �11) normalisation factor is not defined.
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the E��G�� 1.6.0 program [41]. The 1-quark mass was set to <1 = 4.80 GeV (4.50 GeV) for samples
using P����� 8 (H����� 7). For P����� 8, the A14 tune [42] and the NNPDF2.3�� parton distribution
function (PDF) set [43] were used. For H����� 7, the H7UE tune [40] was used with the MMHT2014��
PDF set [44]. The Higgs boson mass was set to <� = 125.0 GeV, and the top-quark mass to <C =
172.5 GeV. The precision of the matrix element (ME) generators is next-to-leading order (NLO) in quantum
chromodynamics (QCD) for most samples. Some samples are normalised to higher precision in QCD
(next-to-next-to-leading order, NNLO, or next-to-next-to-leading logarithm, NNLL) or with electroweak
(EW) corrections. A summary of all generated samples is presented in Table 1, which includes both the
samples used for nominal predictions and other samples used to assess systematic uncertainties. Further
details are provided in the following subsections.

3.1 Signal modelling

In CC̄� events the production and decays were modelled in the five-flavour scheme using the P����� B�� [60–
64] generator at NLO in QCD with the NNPDF3.0��� [65] PDF set. The ⌘damp parameter3 was set to
0.75⇥ (<C +< C̄

+<� ) = 352.5 GeV, and the functional form of the renormalisation and factorisation scales

were both set to 3
p
<T(C) · <T(C̄) · <T(�) (where <T =

q
<

2 + ?
2
T is the transverse mass of a particle). The

events were showered by P����� 8 and all Higgs boson decay modes are considered. The samples are
normalised to the fixed-order cross-section calculation, f

C C̄�
= 507+35

�50 fb, which includes NLO QCD and
EW corrections [20] for a Higgs boson mass of 125 GeV.

3.2 t t̄ + jets background

Simulated CC̄ + jets events are categorised according to the flavour of additional jets in the event, using
the procedure described in Ref. [25]. For this purpose, jets are reconstructed from stable particles (mean
lifetime g > 3 ⇥ 10�11 s) using the anti-:C algorithm [66, 67], and the number of 1- or 2-hadrons within
�' = 0.4 of the jet axis is considered (with ?T > 5 GeV for the leading 1- or 2-hadron around the jet),
excluding particles produced by the top-quark decay. Events are labelled as CC̄ +�11 if at least one 1-flavour
jet is identified, or else as CC̄ + �12 if at least one 2-flavour jet is identified, and otherwise as CC̄ + light.
Where necessary, the CC̄ + �11 events are further separated into CC̄ + 11 (where exactly one jet is matched to
at least one 1-hadron) and CC̄ + �21 (all remaining events).

To accurately model the dominant CC̄ + �11 background, a sample with CC̄ + 11̄ MEs was produced at NLO
QCD accuracy in the four-flavour scheme with the P����� B�� R�� [68] generator and O���L���� [69, 70],
using a pre-release of the implementation of this process in P����� B�� R�� provided by the authors [71],
with the NNPDF3.0��� nf4 [65] PDF set, and using P����� 8 for the PS and hadronisation. The
factorisation scale was set to 0.5 ⇥ ⌃

8=C ,C̄ ,1,1̄, 9<T(8) (where 9 stands for extra partons), the renormalisation

scale was set to 4
p
<T(C) · <T(C̄) · <T(1) · <T(1̄), and the ⌘damp parameter was set to 0.5 ⇥ ⌃

8=C ,C̄ ,1,1̄<T(8).
The mass of the two 1-quarks produced in the ME in association with the two top quarks was set to the
same value as the mass of the 1-quarks from the top-quark decays, <1 = 4.95 GeV.

Inclusive CC̄+jets events were also generated with CC̄ MEs in the five-flavour scheme using the P����� B�� v2
generator at NLO in QCD, using P����� 8 for the PS and hadronisation. Here, the ⌘damp parameter was set

3 The ⌘damp parameter controls the ?T of the first additional emission beyond the leading-order Feynman diagram in the PS and
therefore regulates the high-?T emission against which the CC̄� system recoils.
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Figure 11: Summary of the 28 regions for which STXS measurements are reported.

in these STXS regions have similar event topologies and are intrinsically di�cult to separate. The relative
uncertainties in the measurements range from 20% to more than 100%. Smaller uncertainties are associated
with the 0-jet and 1-jet regions of 66 ! �, as well as the 200  ?

�
T < 300 GeV region of 66 ! � and

the < 9 9 � 700 GeV region of @@0 ! �@@
0. Larger uncertainties occur especially in regions of high ?

�
T

and ?
+
T , as well as the low-< 9 9 regions of @@0 ! �@@

0. The systematic component of the uncertainties
is everywhere smaller than the statistical component, but reaches similar values for the 0-jet regions of
66 ! �. No significant deviations from the SM expectation are observed and the ?-value for compatibility
of the measurements and the SM predictions is 93%. Results in a finer set of 33 STXS measurements
regions are also presented in Table 13 of Appendix A.
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Figure 4: Contributions of STXS regions to the expected event yields in groups of analysis categories. The vertical axis lists the 28 merged STXS regions defined
in Section 8.4, while the horizontal axis lists groups of analysis categories that target the same STXS region, weighted by their 5 value as given in Table 4. Entries
correspond to the percentage of the signal yield in each group of analysis categories (on the G-axis) that is contributed by a given STXS region (on the H-axis).
Entries with a value below 1% are not shown. The entries in each column, corresponding to the same group of analysis categories, add up to 100 (%), except for
rounding e�ects and values below 1%.
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