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Introduction

• Higgs 10th year anniversary!!

• Extensive studies of its properties in the last 10 years.

• Standard model Lagrangian parameters:

➡ 19 parameters in total (g1,2,3, θCKM etc.).

➡ 11 from the Higgs sector.

➡ Those should be determined by experiments.
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LHC: Large Hadron Collider

• World's largest proton-proton collider built at CERN.

➡ Only facility which can produce Higgs.

➡ 150/fb per experiments of data recorded so far.

➡ 150/fb × 2 (CMS and ATLAS) × σH (50 pb) ~ 15M Higgs.


• RUN3 has been started with √s = 13.6 TeV.
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Experiments

• CMS and ATLAS

➡ General purpose collider detector.

➡ Trackers, magnets, calorimeters and muon detectors.

✓ Possible to detect and measure energy/momentum 

of particles which are produced by pp collisions.

4Disclaimer: focusing only on the most recent results.



Higgs Mass and Width
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• H→ZZ*→4L

➡ Cleanest channel to measure the Higgs mass.

➡ Improved muon momentum calibration, new analytic model 

with event-by-event m4l resolution, and DNN for S/B 
discrimination.
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c.f. CMS latest (2020) results: 125.38 ± 0.14 GeV
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Width

• The first evidence for off-shell Higgs production in H→ZZ*→4l 
or llνν. Concentrate on the high-mass tail.


• On-shell and Off-shell ratio gives ΓH (SM: ΓH ~ 4.1 MeV).

• Measured width ΓH = 3.2+2.4-2.7 MeV
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Higgs CP structure
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CP Property of Higgs

• Spin and parity of "the new boson" was immediately tested.

➡ It was proven that the newly found boson has JP = 0+.

✓ Done in H→γγ, H→ZZ(→4l), H→WW(→lνlν).


➡ Declared the observed particle 
was "the Higgs boson".


• Opened a new direction to search 
for sources of CP violation.

➡ CP-odd contributions in HVV couplings 

are suppressed with a 1/Λ2.

➡ It is desired to test its CP nature in H→ff couplings.
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Today, focusing only on CP studies in Hff couplings



• CP structure in the Yukawa term of τ.


• Using the angular correlations btw the decay planes of τ's

Experimental results: Hττ
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1 Introduction

A detailed analysis of the Higgs boson (�) decays into g lepton pairs observed at the LHC [1–3] allows a
direct probe of the charge conjugation and parity (⇠%) properties of the Yukawa coupling of the Higgs
boson to the g lepton. The Standard Model (SM) of particle physics predicts the Higgs boson to be a
⇠%-even (scalar) particle. The presence of a ⇠%-odd (pseudoscalar) admixture has not yet been excluded,
and any observed ⇠%-odd contribution to the �gg coupling properties would be a sign of physics beyond
the SM.

Studies of ⇠% properties of the Higgs boson interactions with gauge bosons performed by the ATLAS and
CMS experiments [4–9] show no deviations from the SM predictions. Nevertheless, these measurements
probe the bosonic couplings in which ⇠%-odd contributions enter only via higher-order operators that are
suppressed by powers of 1/⇤2, where ⇤ is the scale of the new physics in an e�ective field theory; while in
the case of the Yukawa couplings, the ⇠%-odd contribution can be present at the tree level [10]. Recently,
measurements of the ⇠% properties of the interaction between the Higgs boson and top quarks have been
performed by the ATLAS [11] and the CMS [12] Collaborations, excluding the pure ⇠%-odd structure of
the top Yukawa coupling at 3.9f and 3.2f, respectively.

This paper presents a measurement of the ⇠% properties of the Higgs boson interaction with g leptons. The
measurement is based on ⇠%-sensitive angular observables defined by the visible g lepton decay products.
Ideas to probe the ⇠%-odd and ⇠%-even admixture in the g lepton Yukawa coupling in the � ! gg decay
were initially developed in the context of 4+4� colliders [13–17]. Originally hadronic decays of the g

leptons to c
±
a, d

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

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

±
, `

±
)aa and 0

±

1 a decays and
reevaluated in the context of ?? collisions of the LHC experiments [18–22], are adopted in this analysis.
Recently, a similar study was also performed by the CMS Collaboration [23].

The general e�ective Yukawa interaction between the Higgs boson � and g leptons can be parametrised as
in Refs. [21, 22]:

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 is the reduced Yukawa
coupling strength, and qg (where qg 2 [�90�, 90�]) is the ⇠%-mixing angle that parametrises the relative
contribution of the ⇠%-even and ⇠%-odd components to the �gg coupling. The SM ⇠%-even hypothesis
is realised for qg = 0�, while the pure ⇠%-odd scenario corresponds to qg = ±90�. Other values of qg

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

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

leptons in the � ! gg decays, which are then reflected in the directions of the g lepton decay products.
A signed acoplanarity angle i

⇤

CP between the g decay planes (described in Section 3) is sensitive to the
transverse spin correlations impacted by the ⇠%-mixing angle of the Yukawa coupling. Such correlations
are usually calculated by contracting polarimeter vectors of the decayed g lepton (defined by the g decay
matrix elements) and the spin density matrix of the g lepton pair spin state '8, 9 , which depends on the g

lepton pair production process [24–26]. In the case of Higgs boson decays, the density matrix '8, 9 has
only transverse components with respect to the g lepton direction, which are first order trigonometric
polynomials in the 2qg angle. Per-event sensitivity to the ⇠%-mixing depends on the g lepton pair
decay modes and on how the polarimeter vectors and decay planes can be reconstructed from observable
quantities. The signed acoplanarity angle between the g lepton decay planes is directly related to the qg in

2

Table 1: Notation of the dominant leptonic and hadronic g decay modes [28] used and their branching fractions. The
symbol “✓±” stands for 4± or `± and “⌘±” includes c± and  ±. The parentheses show the hadronic decays involving
c
± and their corresponding branching fractions.

Notation Decay mode Branching fraction

✓ ✓
±
āa 35.2 %

1p0n ⌘
±
a (c±a) 11.5 % (10.8 %)

1p1n ⌘
±
c

0
a (c±c0

a) 25.9 % (25.5 %)
1pXn ⌘

±
� 2c0

a (c±2c0
a) 10.8 % (9.3 %)

3p0n 3⌘±a (3c±a) 9.8 % (9.0 %)

the � ! gg di�erential decay rate and the relation has a form of a first order trigonometric polynomial in
cos(i⇤CP � 2qg) at the leading order [14, 27]:

3��!g+g� ⇡ 1 � 1(⇢+)1(⇢�)
c

2

16
cos(i⇤CP � 2qg), (2)

where ⇢± are the energies of the charged decay particles in their respective g rest frames, and 1(⇢±) are the
spectral functions describing the spin analysing power of a given decay mode. Di�erent methods [15–22]
have been developed in an attempt to approximately reconstruct g lepton decay planes. The i⇤CP used in
this analysis is constructed with various methods depending on the g lepton decay modes, following largely
the strategy presented in Ref. [22].

The analysis is performed using 139 fb�1 at
p
B = 13 TeV proton-proton (??) collision data recorded from

2015 to 2018 with the ATLAS detector. Two g lepton pair decay channels are considered in the analysis:
one leptonically (glep) and one hadronically decaying g lepton (ghad) denoted as the glepghad channel, and two
hadronically decaying g leptons denoted as the ghadghad channel. The leptonic decay g± ! ✓

±
aa includes

decays to both electrons and muons. In the case of hadronic decay, the dominant decay modes of ghad are
considered: single-pion decay c±a, c±c0

a with intermediate d±, c±2c0
a and 3c±a with intermediate 0±1 .

A small fraction of events with g decays to charged  ± is also included in the analysis. The g lepton decay
modes used in the analysis are summarised in Table 1 with their notations and branching fractions used
throughout this paper. The ghad decay modes are denoted according to the number of charged (Y) and
neutral (X) pions among the decay products as YpXn. The total combinations of the g lepton pair decay
modes considered account for 68% of all possible combinations.

This paper is structured as follows. In Section 2 the ATLAS detector is briefly described. The methodology
and observables used in the analysis are discussed in Section 3. Section 4 gives a summary of the data and
simulated event samples. Section 5 describes the object reconstruction and event selection, and defines the
signal and control regions. Section 6 details the experimental and theoretical systematic uncertainties. The
fit model and statistical analysis strategy are explained in Section 7. Section 8 presents the measurement
results. Section 9 concludes the paper.
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Table 2: Decay mode combinations of the g lepton pair and the corresponding methods to construct the i⇤

CP observable
used in this analysis. The corresponding fraction of events for each decay mode combination with respect to all di-g
decay combinations (last column) is calculated using the g lepton decay mode branching fractions in Table 1.

Decay channel Decay mode combination Method Fraction in all g lepton pair decays

glepghad

✓-1p0n IP 8.1%
✓-1p1n IP-d 18.3%
✓-1pXn IP-d 7.6%
✓-3p0n IP-01 6.9%

ghadghad

1p0n-1p0n IP 1.3%
1p0n-1p1n IP-d 6.0%
1p1n-1p1n d 6.7%
1p0n-1pXn IP-d 2.5%
1p1n-1pXn d 5.6%
1p1n-3p0n d-01 5.1%

Other decay combinations are not considered due to relatively poor performance in their respective i
⇤

CP
observables in discriminating di�erent ⇠% scenarios.
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Figure 1: Illustration of the g lepton decay planes for constructing the i⇤
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+
c

0
ac
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a using the d-decay plane method, and (c)

� ! g
+
g
�
! c

+
c

0
ac

�
a using the combined impact parameter and d-decay plane method. The decay planes are

spanned by the spatial momentum vector of the charged decay particle of the g lepton (c±) and either its impact
parameter n⇤± or the spatial momentum vector of the neutral decay particle of the g lepton (c0).

3.1 Impact parameter (IP) method

The IP method is applied to g lepton decays with only one charged particle in the final state, the direct
hadronic decay g

±
! c

±
a or leptonic decays g± ! ✓

±
aa. In this case, the g lepton decay plane is formed

from the spatial momentum vector q± of the charged particle (c±, ✓±) and the 3-dimensional (3D) impact
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⇤

CP distribution in simulated � ! g
+
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c
�
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⇠% hypotheses. The distribution peaks at i⇤

CP = 180� for a ⇠%-even (SM-like) Higgs boson and peaks at i⇤

CP = 0
and 360� for a pure ⇠%-odd Higgs boson. The phase di�erence of the i

⇤

CP distributions between di�erent mixing
scenarios equals twice the di�erence in the mixing angle (qg).

parameter vector n± of the charged particle, defined as the directional distance of closest approach of the
charged particle’s track to the reconstructed primary vertex (PV) of the event. The 4-vectors of the track
momentum @

±
` and the impact parameter =±` = (0, n±), initially measured and defined in the laboratory

frame, are boosted to the rest frame of the two decay charged particles (visible di-g ZMF, denoted with ⇤).
The boosted and normalised impact parameter vector n̂⇤± is then decomposed into components which are
parallel and transverse (n̂⇤±

? ) to the direction of the associated normalised spatial momentum vector q̂⇤±.
Using these vectors, an angle i

⇤ and a CP-odd triple correlation O
⇤

⇠% are defined as

i
⇤ = arccos(n̂⇤+

? · n̂⇤�

? ) and O
⇤

⇠% = q̂⇤�
· (n̂⇤+

? ⇥ n̂⇤�

? ), (3)

where both are incorporated in a single observable i
⇤

CP (0  i
⇤

CP  360�) defined by

i
⇤

CP =

(
i
⇤ if O⇤

⇠% � 0

360� � i
⇤ if O⇤

⇠% < 0,
(4)

The method is applied to the i
⇤

CP construction in the decay mode combinations 1p0n-1p0n and ✓-1p0n. In
the case of leptonic decay ✓, due to a di�erent sign in the spectral function for the leptonic g decays [20,
31], an additional shift by 180� is applied to synchronise the phase in i

⇤

CP with the other decays.

3.2 1-decay plane (1) method

In the case of consecutive decays g± ! d
±
a, d± ! c

±
c

0, the g lepton decay plane can be formed from
the spatial momentum vectors of the charged pion q± and neutral pion q0±. The 4-momentum vectors of
c
± and c

0 are boosted to the rest frame of the d-meson pair (visible g lepton pair ZMF). The angle i
⇤ and
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• CP structure in the Yukawa term of τ.


• Using the angular correlations btw the decay planes of τ's

Experimental results: Hττ
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A detailed analysis of the Higgs boson (�) decays into g lepton pairs observed at the LHC [1–3] allows a
direct probe of the charge conjugation and parity (⇠%) properties of the Yukawa coupling of the Higgs
boson to the g lepton. The Standard Model (SM) of particle physics predicts the Higgs boson to be a
⇠%-even (scalar) particle. The presence of a ⇠%-odd (pseudoscalar) admixture has not yet been excluded,
and any observed ⇠%-odd contribution to the �gg coupling properties would be a sign of physics beyond
the SM.

Studies of ⇠% properties of the Higgs boson interactions with gauge bosons performed by the ATLAS and
CMS experiments [4–9] show no deviations from the SM predictions. Nevertheless, these measurements
probe the bosonic couplings in which ⇠%-odd contributions enter only via higher-order operators that are
suppressed by powers of 1/⇤2, where ⇤ is the scale of the new physics in an e�ective field theory; while in
the case of the Yukawa couplings, the ⇠%-odd contribution can be present at the tree level [10]. Recently,
measurements of the ⇠% properties of the interaction between the Higgs boson and top quarks have been
performed by the ATLAS [11] and the CMS [12] Collaborations, excluding the pure ⇠%-odd structure of
the top Yukawa coupling at 3.9f and 3.2f, respectively.

This paper presents a measurement of the ⇠% properties of the Higgs boson interaction with g leptons. The
measurement is based on ⇠%-sensitive angular observables defined by the visible g lepton decay products.
Ideas to probe the ⇠%-odd and ⇠%-even admixture in the g lepton Yukawa coupling in the � ! gg decay
were initially developed in the context of 4+4� colliders [13–17]. Originally hadronic decays of the g

leptons to c
±
a, d

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

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

±
, `

±
)aa and 0

±

1 a decays and
reevaluated in the context of ?? collisions of the LHC experiments [18–22], are adopted in this analysis.
Recently, a similar study was also performed by the CMS Collaboration [23].

The general e�ective Yukawa interaction between the Higgs boson � and g leptons can be parametrised as
in Refs. [21, 22]:

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 is the reduced Yukawa
coupling strength, and qg (where qg 2 [�90�, 90�]) is the ⇠%-mixing angle that parametrises the relative
contribution of the ⇠%-even and ⇠%-odd components to the �gg coupling. The SM ⇠%-even hypothesis
is realised for qg = 0�, while the pure ⇠%-odd scenario corresponds to qg = ±90�. Other values of qg

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

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

leptons in the � ! gg decays, which are then reflected in the directions of the g lepton decay products.
A signed acoplanarity angle i

⇤

CP between the g decay planes (described in Section 3) is sensitive to the
transverse spin correlations impacted by the ⇠%-mixing angle of the Yukawa coupling. Such correlations
are usually calculated by contracting polarimeter vectors of the decayed g lepton (defined by the g decay
matrix elements) and the spin density matrix of the g lepton pair spin state '8, 9 , which depends on the g

lepton pair production process [24–26]. In the case of Higgs boson decays, the density matrix '8, 9 has
only transverse components with respect to the g lepton direction, which are first order trigonometric
polynomials in the 2qg angle. Per-event sensitivity to the ⇠%-mixing depends on the g lepton pair
decay modes and on how the polarimeter vectors and decay planes can be reconstructed from observable
quantities. The signed acoplanarity angle between the g lepton decay planes is directly related to the qg in

2

Table 1: Notation of the dominant leptonic and hadronic g decay modes [28] used and their branching fractions. The
symbol “✓±” stands for 4± or `± and “⌘±” includes c± and  ±. The parentheses show the hadronic decays involving
c
± and their corresponding branching fractions.

Notation Decay mode Branching fraction

✓ ✓
±
āa 35.2 %

1p0n ⌘
±
a (c±a) 11.5 % (10.8 %)

1p1n ⌘
±
c

0
a (c±c0

a) 25.9 % (25.5 %)
1pXn ⌘

±
� 2c0

a (c±2c0
a) 10.8 % (9.3 %)

3p0n 3⌘±a (3c±a) 9.8 % (9.0 %)

the � ! gg di�erential decay rate and the relation has a form of a first order trigonometric polynomial in
cos(i⇤CP � 2qg) at the leading order [14, 27]:

3��!g+g� ⇡ 1 � 1(⇢+)1(⇢�)
c

2

16
cos(i⇤CP � 2qg), (2)

where ⇢± are the energies of the charged decay particles in their respective g rest frames, and 1(⇢±) are the
spectral functions describing the spin analysing power of a given decay mode. Di�erent methods [15–22]
have been developed in an attempt to approximately reconstruct g lepton decay planes. The i⇤CP used in
this analysis is constructed with various methods depending on the g lepton decay modes, following largely
the strategy presented in Ref. [22].

The analysis is performed using 139 fb�1 at
p
B = 13 TeV proton-proton (??) collision data recorded from

2015 to 2018 with the ATLAS detector. Two g lepton pair decay channels are considered in the analysis:
one leptonically (glep) and one hadronically decaying g lepton (ghad) denoted as the glepghad channel, and two
hadronically decaying g leptons denoted as the ghadghad channel. The leptonic decay g± ! ✓

±
aa includes

decays to both electrons and muons. In the case of hadronic decay, the dominant decay modes of ghad are
considered: single-pion decay c±a, c±c0

a with intermediate d±, c±2c0
a and 3c±a with intermediate 0±1 .

A small fraction of events with g decays to charged  ± is also included in the analysis. The g lepton decay
modes used in the analysis are summarised in Table 1 with their notations and branching fractions used
throughout this paper. The ghad decay modes are denoted according to the number of charged (Y) and
neutral (X) pions among the decay products as YpXn. The total combinations of the g lepton pair decay
modes considered account for 68% of all possible combinations.

This paper is structured as follows. In Section 2 the ATLAS detector is briefly described. The methodology
and observables used in the analysis are discussed in Section 3. Section 4 gives a summary of the data and
simulated event samples. Section 5 describes the object reconstruction and event selection, and defines the
signal and control regions. Section 6 details the experimental and theoretical systematic uncertainties. The
fit model and statistical analysis strategy are explained in Section 7. Section 8 presents the measurement
results. Section 9 concludes the paper.
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Table 2: Decay mode combinations of the g lepton pair and the corresponding methods to construct the i⇤

CP observable
used in this analysis. The corresponding fraction of events for each decay mode combination with respect to all di-g
decay combinations (last column) is calculated using the g lepton decay mode branching fractions in Table 1.

Decay channel Decay mode combination Method Fraction in all g lepton pair decays

glepghad

✓-1p0n IP 8.1%
✓-1p1n IP-d 18.3%
✓-1pXn IP-d 7.6%
✓-3p0n IP-01 6.9%

ghadghad

1p0n-1p0n IP 1.3%
1p0n-1p1n IP-d 6.0%
1p1n-1p1n d 6.7%
1p0n-1pXn IP-d 2.5%
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a using the combined impact parameter and d-decay plane method. The decay planes are

spanned by the spatial momentum vector of the charged decay particle of the g lepton (c±) and either its impact
parameter n⇤± or the spatial momentum vector of the neutral decay particle of the g lepton (c0).

3.1 Impact parameter (IP) method

The IP method is applied to g lepton decays with only one charged particle in the final state, the direct
hadronic decay g

±
! c

±
a or leptonic decays g± ! ✓

±
aa. In this case, the g lepton decay plane is formed

from the spatial momentum vector q± of the charged particle (c±, ✓±) and the 3-dimensional (3D) impact
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• CP structure in the Yukawa term of τ.


• Pure CP-odd is excluded but still admixture is possible.

Experimental results: Hττ
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1 Introduction

A detailed analysis of the Higgs boson (�) decays into g lepton pairs observed at the LHC [1–3] allows a
direct probe of the charge conjugation and parity (⇠%) properties of the Yukawa coupling of the Higgs
boson to the g lepton. The Standard Model (SM) of particle physics predicts the Higgs boson to be a
⇠%-even (scalar) particle. The presence of a ⇠%-odd (pseudoscalar) admixture has not yet been excluded,
and any observed ⇠%-odd contribution to the �gg coupling properties would be a sign of physics beyond
the SM.

Studies of ⇠% properties of the Higgs boson interactions with gauge bosons performed by the ATLAS and
CMS experiments [4–9] show no deviations from the SM predictions. Nevertheless, these measurements
probe the bosonic couplings in which ⇠%-odd contributions enter only via higher-order operators that are
suppressed by powers of 1/⇤2, where ⇤ is the scale of the new physics in an e�ective field theory; while in
the case of the Yukawa couplings, the ⇠%-odd contribution can be present at the tree level [10]. Recently,
measurements of the ⇠% properties of the interaction between the Higgs boson and top quarks have been
performed by the ATLAS [11] and the CMS [12] Collaborations, excluding the pure ⇠%-odd structure of
the top Yukawa coupling at 3.9f and 3.2f, respectively.

This paper presents a measurement of the ⇠% properties of the Higgs boson interaction with g leptons. The
measurement is based on ⇠%-sensitive angular observables defined by the visible g lepton decay products.
Ideas to probe the ⇠%-odd and ⇠%-even admixture in the g lepton Yukawa coupling in the � ! gg decay
were initially developed in the context of 4+4� colliders [13–17]. Originally hadronic decays of the g

leptons to c
±
a, d

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

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

±
, `

±
)aa and 0

±

1 a decays and
reevaluated in the context of ?? collisions of the LHC experiments [18–22], are adopted in this analysis.
Recently, a similar study was also performed by the CMS Collaboration [23].

The general e�ective Yukawa interaction between the Higgs boson � and g leptons can be parametrised as
in Refs. [21, 22]:

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 is the reduced Yukawa
coupling strength, and qg (where qg 2 [�90�, 90�]) is the ⇠%-mixing angle that parametrises the relative
contribution of the ⇠%-even and ⇠%-odd components to the �gg coupling. The SM ⇠%-even hypothesis
is realised for qg = 0�, while the pure ⇠%-odd scenario corresponds to qg = ±90�. Other values of qg

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

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

leptons in the � ! gg decays, which are then reflected in the directions of the g lepton decay products.
A signed acoplanarity angle i

⇤

CP between the g decay planes (described in Section 3) is sensitive to the
transverse spin correlations impacted by the ⇠%-mixing angle of the Yukawa coupling. Such correlations
are usually calculated by contracting polarimeter vectors of the decayed g lepton (defined by the g decay
matrix elements) and the spin density matrix of the g lepton pair spin state '8, 9 , which depends on the g

lepton pair production process [24–26]. In the case of Higgs boson decays, the density matrix '8, 9 has
only transverse components with respect to the g lepton direction, which are first order trigonometric
polynomials in the 2qg angle. Per-event sensitivity to the ⇠%-mixing depends on the g lepton pair
decay modes and on how the polarimeter vectors and decay planes can be reconstructed from observable
quantities. The signed acoplanarity angle between the g lepton decay planes is directly related to the qg in

2
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Experimental results: ttH coupling

• CMS: ttH, tH→multi-lepton.

➡ Same sign req. helps to 

suppress backgrounds.

• ATLAS: H→bb in ttH and tH.

➡ Helped by large BR(H→bb).


• Machine Learning technique to 
separate CP-even/-odd states.
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Experimental results: ttH coupling

• Limit is set on the 2D κ plane.


• Both experiments show results consistent to the SM expectation.

➡ Pure CP-even was excluded by CMS.

14

JCP = 0++ ?
No deviations found in CP properties of the Higgs couplings to gauge bosons

Caveat: in those, CP-odd contributions enter only via higher-order operators

NEW: pseudoscalar admixture directly tested in top-Higgs interaction using ttH/tH events with HÆgg

07/06/21 María Moreno Llácer - Higgs CP studies at ATLAS+CMS

Is the top-Higgs coupling a pure scalar interaction ?

42

1D fit:2D fit:               vs.

1D fit: CP mixing angle 

Models used
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Higgs Characterisation
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ttH @LO
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Coupling measurements
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Higgs couplings

• Higgs boson is expected to couple to massive particles.

➡ Need to determine a coupling constant for "each".


• Plenty of (production modes)×(decay modes) requires 
extraction of couplings by global fitting.

16

Higgs boson production modes
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STXS

• Simplified Template Cross Section

➡ Adopted by the LHC experiments as a common framework.

➡ Defined as several kinematic bins and production modes.

➡ Advantages:

✓ Reducing theoretical uncertainties.

✓ Opportunities to combine measurements btw. various 

decay channels and btw. experiments.
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Figure 1. Stage 1.1 bins for gluon-fusion Higgs production gg ! H.

4 Stage 1.1 Bin Definitions

In this section, we give the explicit definitions of the stage 1.1 bins. The subbin boundaries

as discussed in section 2.1 are included in the definitions and are indicated by dashed lines

in the bin diagrams.

4.1 Gluon-Fusion Higgs Production (gg ! H)

The gluon-fusion template process is defined in the usual way based on the Born gg ! H

process plus higher-order QCD and electroweak corrections. Typically, calculations only

include the virtual electroweak corrections to the Born gg ! H process. We stress that here

it also includes real electroweak radiation, so in particular the gg ! Z(! qq̄)H process.

The changes with respect to the previous stage 1.0 are primarily in the treatment of

the BSM sensitive high-pT region, which is now split out directly as the first cut, and in a

modified Nj � 2 selection matching the changes for the VBF production (see section 4.2).

Although the selection order has changed with respect to stage 1.0, the bins that describe

the bulk of the gg ! H production are unchanged.

The stage 1.1 bins are depicted in figure 1 and are described briefly in the following:

• The cross section is first split into p
H

T
< 200GeV and p

H

T
> 200GeV bins. The

high-pH
T

region is split out first now to better enable its dedicated treatment.

– The p
H

T
> 200GeV bin is primarily sensitive to BSM e↵ects. In stage 1.0, it

was part of the 1-jet and � 2-jet bins, but in most experimental analyses it is

actually merged across jet bins. Current analyses have only limited sensitivity

in this region to the SM Higgs boson and perform selections that are inclusive

in jets for this phase-space region. A further split into exclusive jet (sub)bins

– 6 –
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Figure 2. Stage 1.1 bins for electroweak qqH production, VBF+V (! qq)H.

4.2 Electroweak qqH production (VBF + Hadronic V H)

The VBF template process is defined more precisely as electroweak qqH production. It

includes the usual VBF topology and also the pp ! V (! qq̄)H topology with hadronic

V ! qq̄ decays. The two topologies lead to the same final state through the same in-

teractions and therefore represent the t-channel and s-channel contributions to the same

physical process. Hence, they can only be distinguished by enriching one or the other type

of contribution via kinematic cuts, which is achieved by the STXS bins as described below.

The changes compared to the previous stage 1.0 is the treatment of the BSM sensitive

high-pT region (which is now split out after the mjj separation), a more fine-grained mjj

binning along with dropping the additional |�⌘jj | cut, and the separation of the previous

“Rest”-bin, which contained a combination of di↵erent jet topologies and kinematic regions.

These are now separated to allow for an easier treatment, in particular for the estimation

of theory uncertainties.

The stage 1.1 bins are depicted in figure 2 and are described briefly in the following:

• The cross section is first split into 0-jet , 1-jet , and � 2-jet bins.

– The 0-jet and 1-jet bins are very hard to access experimentally, and are likely

to remain merged. It might be possible to get some sensitivity to the 1-jet bin

using dedicated analyses. Previously they where included in the “Rest” bin.

– The � 2-jet bin is the starting point for the remaining binning.

• The � 2-jet bin is split into low-mjj and high-mjj bins with mjj < 350GeV and

mjj > 350GeV , respectively.

– 8 –
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Figure 3. Stage 1.1 bins for V H production, V (! leptons)H.

4.3 Associated Higgs Production (Leptonic V H)

The V H template process is defined as Higgs production in association with a leptonically

decaying vector boson, pp ! V (! leptons)H. It is separated into the three underlying

processes qq̄
0 ! W (! `⌫̄)H, qq̄ ! Z(! `¯̀)H, and gg ! Z(! `¯̀)H. The hadronic

V H processes qq̄ ! V (! qq̄)H are part of the electroweak qqH template process (see

section 4.2). Similarly, the gluon-induced gg ! Z(! qq̄)H process is included as part of

the gg ! H template process (see section 4.1), for which it represents an electroweak real-

emission correction. The extensions in stage 1.1 are additional pV
T
and jet-bin boundaries,

and are fully backward compatible with the previous stage 1.0.

The stage 1.1 bins are depicted in figure 3 and are summarized in the following:

• The total cross section is first split into the subprocesses qq̄
0 ! WH , qq̄ ! ZH

and gg ! ZH .

– The qq̄
0 ! WH and qq̄ ! ZH subprocesses are split into pV

T
bins with bound-

aries at pV
T
= 75, 150, 250, and 400GeV, where the p

V

T
= 400GeV bin boundary

is kept as subbin at this stage. Compared to stage 1.0, the boundaries at pV
T
= 75

and 400GeV were added. This more fine grained p
V

T
binning better reflects the

experimental sensitivity in the low p
V

T
range and also allows one to provide the

theory uncertainties with su�cient detail.

– Exactly the same binning as for qq̄ ! ZH is now used for gg ! ZH . This

allows for a more consistent merging of individual bins across the two subpro-

cesses, which at present are hard to separate experimentally. In addition, it

facilitates a better treatment of the sizeable theory uncertainties for gg ! ZH.

• As in stage 1.0, the 150GeV < p
V

T
< 250GeV bin is split explicitly into 0-jet and

� 1-jet bins. Stage 1.1 now also adds 0-jet, 1-jet, � 2-jet subbins in all pV
T

bins to

allow for a more fine-grained estimate of theory uncertainties.

– 10 –
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Couplings Overview

• Both experiments show results consistent to SM

➡ 3rd gen. measured 10% level, going into 2nd gen. particles.

➡ Improving precision for the diff. cross-section measurements.
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H→2nd gen. particles: H→cc

• New results published from both experiments.

➡ VH with 2l, 1l, 0l final states with dedicated c-tagging algs.
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VZ(→cc) is 
clearly observed.



H→2nd gen. particles: H→cc

• Upper limit on μ=(σobs/σSM): 26 by ATLAS, 14.4 by CMS.
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H→1st gen. particles: H→ee

• SM expectation: BR(H→ee) = 5 x 10-9

➡ Using ggH or VBFH modes categorized by BDT scores.

➡ Fitting performed on mee distribution.
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Di-Higgs and Higgs self coupling

• Di-Higgs property measurement is one of challenges in LHC.

➡ Many possibilities to modify σ from σSM.

➡ Also, plenty of final states.

✓ (Prod. modes: ggH-like, VBFH-like,,,) × 

(Decay modes: bb, WW, ZZ, ττ, γγ, ZZ ,,,)
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Di-Higgs and Higgs self coupling

• Upper limit on μ=(σobs/σSM): 2.4 by ATLAS, 3.4 by CMS.

• κλ = [-0.4, 6.3] by ATLAS, [-1.24, 6.49] by CMS at 95% CL.
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Future improvements
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• RUN3 has been started with √s = 13.6 TeV.

➡ Higgs production rate (σ*L) 7% larger than Run2.

➡ Total ~50M Higgs to be produced by the end of RUN3.


• HL-LHC operation foreseen from 2029 to achieve >3000/fb.

Ongoing and future LHC Operation

25

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam



• Coupling measurements:

➡ Precision of 2-4% possible.

➡ Limited by theory uncertainties for many analysis.


• Self-coupling:

➡ Could exclude κλ = 0 at the 95% CL.

Future improvements in HL-LHC
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• Mass:

➡ Precision of 0.06% would be possible.

➡ Systematically limited.


• CP of the Hff coupling:

✓ CP-even/-odd mixing greater than 24° could be observed.

Future improvements in HL-LHC
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Conclusion

• 10 years since discovery of the Higgs boson

➡ Studied intensively at ATLAS and CMS experiments.

➡ With 30-times larger data recoded, its properties were 

measured more precisely.

• A lot of its properties have been measured.

➡ Mass, Spin, Parity.

➡ Couplings to other particles and Higgs itself.


• So far, everything is consistent to the SM.

➡ Gave stringent constraints on many BSM physics models.


• Foreseen to improve the measurements, and pursuing the 
unproved parameters in the future.
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Backup
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Analysis Categories
• CP


➡ H-top

✓ CMS: HIG-21-006

✓ ATLAS: Phys. Rev. Lett. 125 (2020) 061802


➡ H-tau

✓ CMS: HIG-20-007

✓ CMS: JHEP 06 (2022) 012

✓ ATLAS: Phys. Lett. B 805 (2020) 135426


➡ H-W

✓ ATLAS: Eur. Phys. J. C 82 (2022) 622


➡ H-gam in VBF

✓ ATLAS: 2208.02338


• Mass

➡ Math, Width


✓ CMS: HIG-21-013

➡ Di-Higgs


✓ CMS: Nature 607 (2022) 60

✓ CMS HH->4L+bb: HIG-20-004

✓ CMS HH->WWWW, WWtautau, tau*4: HIG-21-002

✓ CMS HH->bbtautau: HIG-20-010

✓ CMS HH->bbbb: HIG-20-005

✓ ATLAS: ATLAS-CONF-2022-050
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Analysis Categories
• Couplings


➡ Hcc

✓ ATLAS: Hcc, 2201.11428

✓ ATLAS: J/Psi, 2208.03122

✓ CMS: Hcc, HIG-21-008

✓ CMS J/Psi, Upsiron: HIG-20-008


➡ Hmumu, Hee

✓ CMS: Hee, HIG-21-015


➡ Hgg, HZZ differential xs

✓ ATLAS: 2207.08615
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CP in H→γγ
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The violation of the charge-conjugation and parity (CP) symmetry is one of the three Sakharov conditions [1]
needed to explain the observed baryon asymmetry of the universe. The only established CP violation
source is the complex phase in the quark mixing matrix [2], from which the derived magnitude of CP
violation in the early universe is insu�cient to explain the observed value of the baryon asymmetry [3–5].
The discovery of the Higgs boson by the ATLAS and the CMS experiments [6, 7] at the Large Hadron
Collider (LHC) [8] opened a new direction to search for sources of CP violation: the interactions of the
Higgs boson. The Standard Model (SM) Higgs boson (�) is even under simultaneous charge-conjugation
and parity inversion. Any deviation from a pure CP-even interaction of the Higgs boson with other SM
particles could be a new source of CP violation and also a direct indication of physics beyond the SM
(BSM). The CP structure of Higgs boson couplings to electroweak gauge bosons and fermions has been
studied extensively by the ATLAS and the CMS experiments [9–18]. The results are consistent with the
SM prediction, and no sign of CP violation has been found yet.

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

|M |2 =|MSM |2 + 2 · 28 · Re(M ⇤
SMMCP-odd)

+ 2
2
8 · |MCP-odd |2.

(1)

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

2
8 . The

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

Several methods were developed to construct CP-odd observables that can distinguish CP violation
contributions, e.g. in Refs. [12, 17]. This study adopts the Optimal Observable [20–24] defined as
OO = 2 ·Re(M ⇤

SM · MCP�odd)/|MSM |2 to test the CP structure of the Higgs boson coupling to electroweak
bosons in vector-boson-fusion (VBF) production. This method combines event-based information from
a multidimensional phase space into a single CP-sensitive observable. In the SM, the OO distribution
is expected to be symmetric with a mean value of zero, and any asymmetrical e�ects would indicate
contributions from the CP violation term, in the absence of rescattering by new light particles in loops [25].
For a given event, the matrix elements in the OO definition are calculated using the four-momenta of the
Higgs boson and the two forward VBF jets, and have no dependence on the decay mode of the Higgs
boson. This method was first introduced in the � ! gg analysis [9] by ATLAS and can be used in all
Higgs boson decay channels.

This Letter reports an analysis to test the CP invariance of the �++ coupling by using the Optimal
Observable method in the VBF � ! WW channel, using the 139 fb�1 of proton–proton (??) collision data
at
p
B = 13 TeV recorded during 2015–2018 with the ATLAS detector. The VBF signal yield in OO bins is

extracted from a simultaneous fit to the diphoton invariant mass spectra split into the OO bins, which is
then used to determine the CP violation contributions to the �++ coupling.

Results are interpreted in two EFT bases: the HISZ [26] and Warsaw [27–29] bases. The HISZ basis
is used in order to combine the results with the previous measurement from the � ! gg channel [9],
whereas the Warsaw basis is used to provide measurements for future combinations with other Higgs
boson measurements. In both bases, three Wilson coe�cients multiplying CP-odd operators describe
possible CP-odd couplings between the Higgs boson and electroweak gauge bosons. In the HISZ basis, 3̃ is
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H→2nd gen. particles: H→μμ

• SM expectation: BR(H->μμ) = 2 x 10-4

• No recent results. Evidence by CMS.
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Figure 1: Dimuon invariant mass spectrum in all the analysis categories observed in data. In (a) the unweighted
sum of all events and signal plus background probability density functions (pdf) are shown, while in (b) events and
pdfs are weighted by ln(1 + (/⌫), where ( are the observed signal yields and ⌫ are the background yields derived
from the fit to data in the <`` = 120–130 GeV window. The background and signal pdf are derived from the fit to
the data, with ( normalised to its best-fit value. The lower panels compare the fitted signal pdf, normalised to the
signal best-fit value, to the di�erence between the data and the background model. The error bars represent the data
statistical uncertainties.
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Figure 2: The best-fit values of the signal strength parameters for the five major groups of categories (CC̄� ++�, ggF
0-jet, 1-jet, 2-jet, and VBF) together with the combined value.
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Figure 1: Dimuon invariant mass spectrum in all the analysis categories observed in data. In (a) the unweighted
sum of all events and signal plus background probability density functions (pdf) are shown, while in (b) events and
pdfs are weighted by ln(1 + (/⌫), where ( are the observed signal yields and ⌫ are the background yields derived
from the fit to data in the <`` = 120–130 GeV window. The background and signal pdf are derived from the fit to
the data, with ( normalised to its best-fit value. The lower panels compare the fitted signal pdf, normalised to the
signal best-fit value, to the di�erence between the data and the background model. The error bars represent the data
statistical uncertainties.
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Figure 2: The best-fit values of the signal strength parameters for the five major groups of categories (CC̄� ++�, ggF
0-jet, 1-jet, 2-jet, and VBF) together with the combined value.
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2 GeV. The best fit estimates for the nuisance parameters and signal strength are propagated
to the mµµ distribution. This distribution is not used for any of the measurements presented in
this paper, but only to visualize the fit result. Figure 12 (left) shows the observed and predicted
weighted mµµ distributions for events in the VBF-SB and VBF-SR regions, combining 2016,
2017, and 2018 data. The lower panel shows the residuals between the data and the post-fit
background prediction, along with the post-fit uncertainty obtained from the background-only
fit. The best fit signal contribution with mH = 125.38 GeV is indicated by the blue line. An
excess is observed in the weighted data distribution that is consistent with the expected res-
onant mass distribution for the signal with mH near 125 GeV and compatible with the excess
observed at high DNN score in Fig. 3. The signal and background distributions are then inter-
polated with a spline function in order to obtain a continuous spectrum that can be summed
with the parametric fit results in the ggH, WH, ZH, and ttH categories. Figure 12 (right) shows
the mµµ distribution for the weighted combination of all event categories. The ggH, VH, and
ttH categories are weighted proportionally to the corresponding S/(S+B) ratio, where S and
B are the number of expected signal and background events with mass within ±HWHM of
the expected signal peak with mH = 125.38 GeV. The weighted data in the upper panel are
dominated by the ggH event categories with many data events but relatively small S/(S+B).
The lower panel shows the residuals after background subtraction, with the best fit SM sig-
nal contribution with mH = 125.38 GeV indicated by the red line. An excess of events over the
background-only expectation is observed near mµµ = 125 GeV.
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Figure 12: Left: the mµµ distribution for the weighted combination of VBF-SB and VBF-SR
events. Each event is weighted proportionally to the S/(S+B) ratio, calculated as a function of
the mass-decorrelated DNN output. The lower panel shows the residuals after subtracting the
background prediction from the S+B fit. The best fit H ! µ+µ� signal contribution is indicated
by the blue line and histogram, while the grey band indicates the total background uncertainty
from the background-only fit. Right: the mµµ distribution for the weighted combination of all
event categories. The lower panel shows the residuals after background subtraction, with the
best fit SM H ! µ+µ� signal contribution for mH = 125.38 GeV indicated by the red line.

The result is combined with that obtained from data recorded at centre-of-mass energies of 7
and 8 TeV. The 7+8 TeV search described in Ref. [97] has been updated using for the Higgs
boson production cross sections and branching fractions the values reported in Ref. [22]. Sys-
tematic uncertainties in the inclusive signal production cross sections and B(H ! µ+µ�) are
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correlated across the 7, 8, and 13 TeV analyses. Experimental uncertainties affecting the mea-
sured properties of the various physics objects (muons, electrons, jets, and b quark jets), the
measurement of the integrated luminosity, and the modelling of the pileup conditions are as-
sumed to be uncorrelated between the 7+8 and 13 TeV analyses. Table 10 reports the observed
and expected significances over the background-only expectation at mH = 125.38 GeV and the
95% CL ULs on µ in each production category, as well as for the 13 TeV and the 7+8+13 TeV
combined fits. The combination improves, relative to the 13 TeV-only result, both the expected
and the observed significance at mH = 125.38 GeV by about 1%. Figure 13 shows the observed
(solid black) and the expected (dashed black) local p-values derived from the 7+8+13 TeV com-
bined fit as a function of mH in a 5 GeV window around the expected Higgs boson mass. The
expected p-value is computed on an Asimov data set generated from the background expec-
tation obtained from the S+B fit with a mH = 125.38 GeV signal injected. As in Fig. 10, the
solid markers indicate the mass points for which the observed p-values are computed. The
best fit signal strength, and the corresponding 68% CL interval, obtained from the 7+8+13 TeV
combination for the Higgs boson with mass of 125.38 GeV is 1.19+0.40

�0.39 (stat)+0.15
�0.14 (syst).

Table 10: Observed and expected significances for the incompatibility with the background-
only hypothesis for mH = 125.38 GeV and the corresponding 95% CL upper limits on µ (in the
absence of H ! µ+µ� decays) for each production category, as well as for the 13 TeV and the
7+8+13 TeV combined fits.

Production category Observed (expected) signif. Observed (expected) UL on µ
VBF 2.40 (1.77) 2.57 (1.22)
ggH 0.99 (1.56) 1.77 (1.28)
ttH 1.20 (0.54) 6.48 (4.20)
VH 2.02 (0.42) 10.8 (5.13)
Combined

p
s = 13 TeV 2.95 (2.46) 1.94 (0.82)

Combined
p

s = 7, 8, 13 TeV 2.98 (2.48) 1.93 (0.81)
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Figure 13: Observed (solid black) and expected (dashed black) local p-values as a function of
mH, extracted from the combined fit performed on data recorded at

p
s = 7, 8, and 13 TeV, are

shown. The expected p-values are calculated using the background expectation obtained from
the S+B fit and injecting a signal with mH = 125.38 GeV and µ = 1.
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Higgs boson production mechanisms are associated to either fermion (ggH and ttH) or vec-
tor boson (VBF and VH) couplings. Two signal strength modifiers, denoted as µggH,ttH and
µVBF,VH, are varied independently as unconstrained parameters in the fit. Figure 11 (right)
shows the 1s and 2s contours, computed as variations around the minimum of �2 D ln(L) for
mH = 125.38 GeV, for the signal strength modifiers µggH,tt H and µVBF,VH. The best fit values
for these parameters are µ̂ggH,tt H = 0.66+0.67

�0.66 and µ̂VBF,VH = 1.84+0.89
�0.77, consistent with the SM

expectation.

Table 9: Major sources of uncertainty in the measurement of the signal strength µ and their
impact. The total post-fit uncertainty on µ is divided into the statistical and systematic compo-
nents. The systematic component is further separated into three parts depending on the origin
of the different sources of uncertainty: experimental, theoretical, and size of the simulated sam-
ples. The uncertainty due to the limited statistics of the simulated samples only affects the VBF
category results.

Uncertainty source Dµ

Post-fit uncertainty +0.44 �0.42

Statistical uncertainty +0.41 �0.40

Systematic uncertainty +0.17 �0.16

Experimental uncertainty +0.12 �0.11
Theoretical uncertainty +0.10 �0.11
Size of simulated samples +0.07 �0.06
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Figure 11: Left: signal strength modifiers measured for mH = 125.38 GeV in each production
category (black points) are compared to the result of the combined fit (solid red line) and the
SM expectation (dashed grey line). Right: scan of the profiled likelihood ratio as a function of
µggH,tt H and µVBF,VH with the corresponding 1s and 2s uncertainty contours. The black cross
indicates the best fit values (µ̂ggH,ttH, µ̂VBF,VH) = (0.66, 1.84), while the red circle represents
the SM expectation.

An unbiased mass distribution representative of the fit result in the VBF category is obtained by
weighting both simulated and data events from the VBF-SR and VBF-SB regions by the S/(S+B)
ratio. The S/(S+B) weights are computed as a function of the mass-decorrelated DNN output,
defined in Section 6, for events within mµµ = 125.38 GeV±HWHM and using the same bin
boundaries as displayed in Fig. 1. The HWHM of the signal peak in the VBF category is about
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Figure 1: Performance of PARTICLENET (blue lines) for identifying a cc pair for large-R jets
with pT > 300 GeV. The solid (dashed) line shows the efficiency to correctly identify H ! cc
vs. the efficiency of misidentifying quarks or gluons from the V+jets process (vs. H ! bb).
The red crosses represent the three working points used in the merged-jet analysis. The perfor-
mance of DEEPAK15 (yellow lines) used in Ref. [31] is shown for comparison.

Using PF candidates and secondary vertices associated to large-R jets as inputs, PARTICLENET
simultaneously exploits information related to jet substructure, flavor, and pileup with a graph
neural network [85], yielding substantial gains over other approaches [86, 87]. Decorrelation
of the algorithm’s response with the jet mass is achieved by training it with a dedicated set
of simulations produced with the same jet mass distributions for the signal and background
processes [86]. Figure 1 shows the performance of the cc discriminant in identifying a pair
of c quarks from Higgs boson decay for large-R jets with pT > 300 GeV. PARTICLENET is
compared to the previous state-of-the-art cc discriminant “DEEPAK15” [31, 88], yielding an
improvement by a factor of 4 to 7 in the rejection of other jet flavors. Three working points
are defined on the cc discriminant distribution with approximately 58, 40, and 16% efficiencies
for identifying a cc pair. The corresponding misidentification rates of light quark and gluon
jets (bb jets) are 2 (9), 0.7 (5), and 0.08 (1)%. These working points are used to separate events
into three mutually exclusive categories with different cc purity to improve the sensitivity of
the analysis. The cc identification efficiency in data is measured using a sample of events
containing a gluon splitting to cc. To increase the similarity to H ! cc decay, a dedicated BDT
classifier is developed to enrich jets where a large fraction of momentum is carried by the quark
pair from gluon splitting rather than by additionally radiated gluons [89]. The pT-dependent
data-to-simulation efficiency ratios (used as corrective scale factors) are typically 0.9–1.3 with
corresponding uncertainties of 20–30%.

The main backgrounds, tt and V+jets, are suppressed by a separate boosted decision tree (BDT)
classifier for each channel, using kinematical variables that are not correlated with the Hcand
mass, m (Hcand), or the cc discriminant as inputs. The BDT design relies on previous develop-
ments [31] with improvements in variable selection and training procedure, leading to ⇡15%
enhancement of the sensitivity of the analysis. The BDT discriminants are used to define 2 (1)
signal regions (SRs) in the 1L (0L and 2L) channel. Events in the SRs are further subdivided
into the three cc discriminant categories mentioned above. The m (Hcand) distributions are
used to separate signal and background contributions in each SR, as both the BDTs and the cc
discriminant are designed to be largely independent of m (Hcand).


