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The Standard Model of elementary particles

• Universe composition described by
Standard Model (SM) of elementary particles

• Particles:
– Quarks-Leptons (matter+antimatter)
– Gauge Bosons: interactions
– Higgs Boson: mass generation

• Interactions: strong-electroweak
• Lagrangian formulation:

LSM = LSU(3) + LSU(2),L + LU(1),Y
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Higgs decays and ttH process
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Decreasing cross-section

Higgs production at pp colliders:
• Gluon-gluon fusion (ggH)
• Vector boson fusion (VBF)
• Higgs-Strahlung
• tH and the ttH processes→ Focus of this work

Higgs decay:
Higgs decay channel Branching ratio
H → bb̄ 57.7%
H → W+W− 21.5%
H → τ+τ− 6.32%
H → ZZ 2.64%
H → γγ 0.23%
H → Zγ 0.15%
H → µ+µ− ∼ 0.02%

Top quark decay: ∼ 99.9% to Wb
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ttH in the Standard Model

Precision measurments Higgs sectors Rare processes

Target process 
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ttH analysis: decay channels

ttH decay channels according to H decays:
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Multilepton: H→ZZ, H→ W+W−,H→ τ+τ− → Main BRs: 2ℓSS and 3ℓ final state, no τhad
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LHC accelerator complex

CMS

LHC
2008  27km

7–13 TeV
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1976  7km

450 GeV
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1972  157m

1.4 GeV

PS
1959  628m

26 GeV

LINAC2
1978  33m

50 MeV

ALICE

ATLAS
LHCb

Large Hadron Collider (LHC) at CERN near Geneva (Switzerland)
Main experiments at LHC that can perform the measurment:

• ATLAS (A Toroidal Lhc ApparatuS): general purpose detector
• CMS (Compact Muon Solenoid): general purpose detector

Data-taking periods:
• Run 1 (2010–2012)√s = 7–8 TeV
• Run 2 (2015–2018)√s = 13 TeV, used for this work
• Run 3 ongoing√s = 13.6 TeV

Observation of the process:

• ATLAS 2018 (link), significance 6.3 σ

using Run I plus partial Run II data
using the three channels

• CMS 2018 (link), significance 5.2 σ

using Run I plus partial Run II data
using the three channels

7

https://atlas.cern/updates/press-statement/atlas-observes-tth-production
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-035/index.html
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Introduction – CP
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Motivations to search for CP violation in the Higgs-Yukawa couplings

C and P symmetries
• Charge and Parity→ important symmetries of the SM theory
• C,P and CP violated by weak interaction→ allow matter, anti-matter
asymmetry

• There is not enough CP to match observed matter predominance

Charge symmetry
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Yukawa interaction:
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)

• Yukawa interactions account for fermion masses in the SM
• Measurement of Yukawa couplings ( yk

ij ) to fermions important probe for
new physics→ could behave different from SM expectations

• Top quark Yukawa coupling: largest coupling, order of unity
• ttH: allow probe top-Higgs coupling at tree level

• Ideal to test possible CP violation in Yukawa interaction
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CP violation in the top Yukawa coupling

• CP parametrization in the top Yukawa coupling:
LY.-top, CP = −yt

{
ψ̄teiαγ5ψt

}
φ

LY.-top, CP = −yt
{
ψ̄tκ

′
t [cos(α) + i sin(α)γ5]ψt

}
φ

LY.-top, CP = −
(
ytκ

′
t cos(α)ψ̄tψtφ+ iκ′

t sin(α)yt ψ̄tγ5ψtφ
)

LY.-top, CP = −
(
ytκt ψ̄tψtφ+ i κ̃t yt ψ̄tγ5ψtφ

)
LY.-top, CP = LY.-top, CP-Even + LY.-top, CP-Odd

Model information:
• Here α = 0 implies no CP-violation (= SM), yt = mt/ν

• Usually use κt , κ̃t → direct CP visualization

/

.

The plots set Higgs-top coupling to reproduce
the SM gluon-fusion cross section for every
value of α (link)

=

= Model consequences:
• Change in cross-section depending on CP hypothesis
• Lower angles have a behavior that is difficult to distinguish from the
SM

10
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ttH, H→ γγ CP results
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0-D
bin 1 bin 2 bin 3

E
ve

nt
s 

/ b
in

0

10

20

30

40

50

60

70

80

90

100
 (13 TeV)-1137 fbCMS

Data

 = 0Htt
CPf

 = 1Htt
CPf

Htt
CPf

0 0.2 0.4 0.6 0.8 1

ln
 L

∆
-2

0

5

10

68% CL

99.7% CL

95% CL

Observed

Expected

CMS analysis (link):
• Same strategy using MVAs to separate BKGs and
CP-odd from CP-even

• Use of the parametrization:
f t t̄H
CP =

|κ̃t |2
|κt |2+|κ̃t |2

sign (κ̃t/κt ) .

• Observed f t t̄H
CP = 0.00 ± 0.33 at 95% and pure CP-odd

coupling excluded at 3.2σ.
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ttH, H→ bb CP results

Currently instead of machine learning techniques, recent results started using directly CP-observables
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ttH, other channels CP results and combination

Very active field→ still requires a final combination

CMS ttH (link), partial combination, BDT trained
to separate CP-even/odd

CMS ttH combination (link)
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://arxiv.org/pdf/2407.10896


Introduction – STXS
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Fiducial Differential Cross–Section Measurements

• Differential: Measure cross-section in bins of observables
• Fiducial: Extrapolate the measurement to a restricted phase
space matching experimental selections.

Fiducial differential cross–section measurements provide:

• A fundamental test of the SM predictions;
• A probe of phase spaces sensitive to BSM effects.

Fiducial differential measurements main points:

• Reduce model dependence by avoiding extrapolation to the full phase space
• Long measurement lifetime and easy comparison with different theories
• Limited to few variables at the same time
• Hard to combine different channels without extrapolating to full phase space
• Non-trivial to include complex variables (e.g. DNNs) in fiducial phase space

15
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• Non-trivial to include complex variables (e.g. DNNs) in fiducial phase space
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Simplified Template Cross–Sections (STXS)

• STXS (link) developed as alternative to Higgs boson coupling measurements (Fiducial differential measurments)

• STXS separate the measurement and interpretation steps more cleanly.
• Reduces theory dependencies folded in the measurements, including:

• Theoretical uncertainties
• Underlying physics model assumptions

• Enables more finely-grained measurements for richer theoretical interpretation.
• Supports and improves global combination across all Higgs decay channels.
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STXS and extension idea targeting CP violation in the top Yukawa coupling

STXS main points:

– simplify combination between
channels/measurements

– minimize the dependence on theory
uncertainties

– maximize the experimental
sensitivity

– isolate possible BSM effects

• Goal: developing an STXS extension targeting better
ttH CP sensitivity

• CP-odd excluded by various studies at 4σ→ Obtained
without the STXS framework

• |α|< 45◦ → decide to target 35◦

ttH STXS

0pHT [GeV]:

60

120

200

300

400

∞
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Study setup
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Event generation and observables
/

.

4

• Generating ttH events with MadGraph5_aMC@NLO
• Scale factor to take into account for NLO effects
• Any CP hypothesis can be obtained as

N
(
κ′

t , αt
)
= κ′,2

t

[
NSM cos2 αt + Nodd sin2 αt

]

• Studied a group of possible discriminating
observables

• Assume H, t and t reconstructed

Rest-frames considered:

• laboratory frame (lab frame),
• tt rest frame, where pt + pt̄ = 0 (tt frame),
• ttH rest frame, where pt + pt̄ + pH = 0 (ttH frame),
• H rest frame, where pH = 0 (H frame)

observable definition frame
pH

T - lab, tt, ttH
∆ηt t̄ |ηt − ηt̄ | lab, H , ttH
∆ϕt t̄ |ϕt − ϕt̄ | lab, H , ttH
mt t̄ (pt + pt̄)

2 frame-invariant
mt t̄H (pt + pt̄ + pH)

2 frame-invariant
cos (θ∗)

pt ·n
|pt |·|n| tt

b1
(pt×n)·(pt̄×n)

pt
T pt̄

T
all

b2
(pt×n)·(pt̄×n)

|pt | |pt̄ | all
b3

px
t px

t̄
pt

T pt̄
T

all
b4

pz
t pz

t̄
|pt | |pt̄ | all

ϕC arccos

(
|(pp1×pp2 )·(pt×pt̄ )|

|pp1×pp2 | |pt×pt̄ |

)
H
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Examples of distributions at parton-level

pT ,H

Lab frame

cos (θ∗) =
pt ·n

|pt |·|n|

tt frame

• Normalized distributions for some examples of observables
• Here the t and t kinematics is needed (no need to distinguish them)
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Examples of distributions at parton-level – other observables

b2 =
(pt×n)·(pt̄×n)
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Analysis strategy
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Detector effects and significance evaluation

• Channels considered: ttH(H→ γγ), ttH(H→ bb) and ttH→multilepton final states
• Took into account: acceptance / efficiency factors for event selection, smearing of the Higgs and top/antitop for
reconstruction effects

• Yields validated from ATLAS/CMS results

g

g

t

t̄

t

t̄
b̄

b

H

g

g

t

t̄

t

t̄

H

W/Z/τ

W/Z/τ g

g

t

t̄

t

t̄

H

γ

γ

• Metric to judge the sensitivity of the various observables assuming acceptance, smearing, luminosity of 300 fb−1

• Account for statistical and systematic uncertainty, in each bin σi is:
σi =

√
σ2sys + σ2stat

• Define significance S according to link: taking ni the SM- and mi the BSM-t t̄H yield per bin

S =

√√√√Nbins∑
i=1

Si =

√√√√2
Nbins∑
i=1

(
ni ln

[
m′

i (ni + σ2
i )

n2
i + miσ2

i

]
− n2

i

σ2
i

ln
[
1 +

σ2
i (m

′
i − ni)

ni(ni + σ2
i )

])
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Initial results and optimization
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Initial studies
• Considered 31 different observables across four rest frames plus two-dimensional combinations
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∆ηtt̄ ∆ηtt̄

∆φtt̄ ∆φtt̄

φC φC

b1 b1

b2 b2

b3 b3
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pT,H pT,H

∆ηtt̄ ∆ηtt̄

|cos θ∗| |cos θ∗|

b1 b1

b2 b2

b3 b3

b4 b4

pT,H pT,H

∆ηtt̄ ∆ηtt̄

∆φtt̄ ∆φtt̄

b1 b1

b2 b2

b3 b3

b4 b4

A(φC) A(φC)

1.49 1.56 1.6 1.59 1.6 1.52 1.56 1.43 1.44 1.46 1.5 1.51 1.47 1.47 1.45 1.48 1.48 1.58 1.62 1.46 1.62 1.48 1.62 1.45 1.56 1.55 1.54 1.57 1.51 1.54 0.64

1.45 1.6 1.59 1.62 1.5 1.44 1.39 1.42 1.43 1.45 1.45 1.38 1.5 1.37 1.41 1.57 1.45 1.49 1.44 1.51 1.44 1.51 1.58 1.4 1.59 1.56 1.59 1.51 1.42 0.57

1.59 1.58 1.58 1.59 1.58 1.56 1.58 1.55 1.59 1.59 1.6 1.57 1.6 1.58 1.51 1.56 1.62 1.56 1.64 1.55 1.64 1.59 1.6 1.53 1.57 1.61 1.55 1.59 0.69

1.58 1.58 1.57 1.57 1.53 1.55 1.55 1.61 1.56 1.6 1.57 1.6 1.58 1.52 1.58 1.59 1.56 1.58 1.53 1.58 1.59 1.59 1.58 1.54 1.62 1.56 1.59 0.67

1.58 1.57 1.63 1.52 1.57 1.5 1.46 1.51 1.37 1.5 1.43 1.53 1.54 1.58 1.61 1.54 1.61 1.48 1.61 1.6 1.57 1.57 1.58 1.57 1.52 1.59 0.74

1.46 1.48 1.37 1.45 1.38 1.37 1.48 1.23 1.41 1.3 1.4 1.5 1.49 1.51 1.44 1.54 1.37 1.54 1.54 1.48 1.57 1.54 1.59 1.44 1.48 0.87

1.42 1.33 1.43 1.41 1.32 1.34 1.18 1.33 1.24 1.36 1.57 1.45 1.46 1.43 1.47 1.25 1.47 1.58 1.42 1.57 1.53 1.58 1.44 1.39 0.93

1.3 1.4 1.24 1.26 1.23 1.1 1.28 1.19 1.23 1.44 1.41 1.38 1.31 1.42 1.18 1.42 1.46 1.36 1.58 1.51 1.55 1.4 1.34 1.04

1.38 1.33 1.35 1.38 1.27 1.38 1.26 1.35 1.45 1.47 1.51 1.38 1.48 1.25 1.48 1.46 1.42 1.57 1.52 1.57 1.44 1.43 0.96

1.29 1.29 1.33 1.25 1.36 1.23 1.28 1.47 1.47 1.45 1.32 1.51 1.28 1.51 1.48 1.42 1.53 1.52 1.5 1.43 1.37 0.87

1.36 1.23 1.4 1.36 1.28 1.33 1.49 1.42 1.29 1.45 1.43 1.2 1.43 1.52 1.37 1.56 1.57 1.5 1.47 1.39 1.31

1.37 1.09 1.26 1.2 1.23 1.48 1.51 1.26 1.36 1.4 1.13 1.4 1.52 1.42 1.58 1.52 1.59 1.4 1.36 0.2

1.3 1.39 1.29 1.2 1.47 1.43 1.17 1.42 1.4 1.06 1.4 1.49 1.37 1.57 1.56 1.5 1.46 1.34 1.37

1.43 1.25 1.35 1.44 1.49 1.41 1.42 1.47 1.23 1.47 1.49 1.46 1.53 1.53 1.54 1.44 1.44 1.28

1.29 1.19 1.45 1.39 1.17 1.41 1.36 1.12 1.36 1.47 1.33 1.56 1.56 1.49 1.45 1.3 1.43

1.34 1.5 1.47 1.37 1.34 1.47 1.27 1.47 1.49 1.4 1.56 1.55 1.55 1.46 1.38 1.0

1.49 1.56 1.57 1.47 1.59 1.48 1.59 1.47 1.56 1.51 1.48 1.55 1.46 1.58 0.89

1.49 1.49 1.49 1.49 1.45 1.49 1.6 1.48 1.55 1.55 1.56 1.48 1.49 0.61

1.54 1.47 1.52 1.22 1.52 1.62 1.5 1.61 1.56 1.54 1.45 1.5 1.0

1.32 1.51 1.33 1.51 1.48 1.42 1.53 1.52 1.54 1.45 1.39 0.35

1.54 1.4 1.51 1.63 1.51 1.63 1.56 1.58 1.53 1.53 0.81

1.34 1.4 1.51 1.42 1.54 1.5 1.56 1.39 1.33 1.24

1.54 1.63 1.51 1.63 1.56 1.58 1.53 1.53 0.81

1.51 1.58 1.56 1.56 1.59 1.52 1.56 0.59

1.42 1.59 1.55 1.58 1.5 1.42 0.59

1.56 1.54 1.57 1.52 1.59 0.76

1.54 1.57 1.52 1.55 0.73

1.59 1.5 1.6 0.69

1.47 1.49 0.95

1.41 0.77

0.2

L = 300 fb−1

14 bins for 1d distributions

6x6 bins for 2d distributions

la
b

fr
am

e
in

d
ep

.
H

fr
am

e
tt̄

fr
am

e
tt̄
H

fr
am

e

Significances α = 35◦ (combined)
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Best results: 2D combination

• Highest significance from 2D combination of observables

• The highest significance is obtained when combining∆ϕt t̄ and b4 in the lab frame
• Decided to use pT ,H with a second observable (to build on the existing STXS setup)→ combined values similar to
the best combination∆ϕt t̄ plus b4

pT,H ∆ηtt̄ ∆φtt̄ b1 b2 b3 b4 mtt̄ mtt̄H pT,H ∆ηtt̄ |cos θ∗| b1 b2 b3

H → γγ

Multilep.

H → bb̄

Combined

1.51 1.56 1.54 1.56 1.55 1.52 1.55 1.48 1.5 1.51 1.58 1.59 1.5 1.58 1.51

0.53 0.69 0.9 0.89 0.87 0.73 0.69 0.54 0.52 0.45 0.77 0.8 0.48 0.82 0.56

0.35 0.43 0.52 0.52 0.51 0.45 0.44 0.38 0.36 0.29 0.47 0.49 0.3 0.5 0.38

1.64 1.76 1.86 1.87 1.85 1.75 1.75 1.62 1.63 1.61 1.82 1.84 1.6 1.85 1.65

lab frame indep. tt̄ frame

αt = 35◦ tt̄H @ L = 300 fb−1 14 (6× 6) bins for 1d (2d) dist. comb. w/ plab
T,H
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Best pairs & Optimized binning

• Best results from combining pH
T with∆ϕlab

t t̄
, blab

1 ,∆ηt t̄
t t̄
, θ∗,t t̄ , blab

2 .

• For these pairs:• binning optimization performed targeting six bins to determine best pair
• distributions presented below (comparing SM scenario with α = 35◦)

• Here showing∆ϕlab
t t̄

and∆ηt t̄
t t̄

∆ϕlab
t t̄ : [0, π/4, π/2, 2π/3, 5π/6, 11π/12, π] ∆ηt t̄

t t̄ : [0, 0.5, 1, 1.5, 2, 3, 5]
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Best pairs & Optimized binning

• Other two examples below: blab
1 and θ∗,t t̄

blab
1 : [-1, -0.95, -0.8, -0.2, 0.3, 0.8, 1.0] θ∗,t t̄ : [0, 0.2, 0.4, 0.55, 0.7, 0.85, 1]
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Best pairs significance results

• Results of significance after bin optimization: very close performances

• No clear winning and preferred candidate between them

pT,H ∆φtt̄ b1 b2 ∆ηtt̄ |cos θ∗|

H → γγ

Multilep.

H → bb̄

Combined

1.51 1.57 1.56 1.57 1.58 1.59

0.49 0.94 0.93 0.92 0.81 0.83

0.31 0.55 0.55 0.55 0.51 0.52

1.61 1.91 1.9 1.9 1.85 1.87

lab frame tt̄ frame

αt = 35◦ tt̄H @ L = 300 fb−1 comb. w/ plab
T,H
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background distribution study

• Sensitivity of the observables in the various bins compared to the background distributions for the most sensitive
observables

• Observables where the significance could have been over-estimated due to low signal over background ratio are
excluded

• Example on three observables of background shapes
tt̄W (parton)

tt̄H combined sig.

tt̄γγ(parton) tt̄bb̄(parton)

@ gt = 1, αt = 35◦ L = 300 fb−1
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BDT studies

• Multivariate studies are preferred for these studies→ Checked effect of applying it in our scenario

• All observables were given to a BDT that was optimized targeting the best sensitivity
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αt = 0◦ αt = 35◦
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BDT results versus 2D combinations

• The significance of the BDT output was then compared, checking if it was bringing an increase of performances

Channel Significance (BDT) Significance (2D)
t t̄H(→ γγ) 1.75 1.57
t t̄H (multilep.) 1.17 0.94
t t̄H(→ bb) 0.69 0.55
Combined 2.21 1.91

• Significances from the BDT method are higher, only moderately:
• ∼10% improvement for H → γγ

• ∼17% improvement for H →multilepton
• ∼25% improvement for H → bb̄

• Greater BDT sensitivity in:
• t t̄H (multilepton)
• t t̄H → bb̄

• These channels benefit from selecting more t t̄H events and exploiting kinematic shapes.
• Conclusion: two-dimensional distributions are sufficient to reach near-optimal sensitivity for
probing CP violation in the top-Yukawa coupling.
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Final result and proposed STXS extension
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Expected sensitivity to CP: STXS extension with |cosθ∗|

H → γγ

Combined

Multilep. H → bb̄

tt̄H @ L = 300 fb−1

• Expected exclusion limits considering our model use 300 fb−1

• Final limit at κ′
t = 1, |α|≲ 36◦ at 68% CL→ 12% better with respect to not using |cos θ∗|

• Maximum improvement of 40% at κ′
t = 1.24

• Results are similar combining pT ,H with blab
2 and∆ηt t̄

t t̄
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STXS extension, |cosθ∗| vs BDT

H → γγ

Combined

Multilep. H → bb̄

tt̄H @ L = 300 fb−1
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BDT

• Expected exclusion limits considering our model use 300 fb−1

• Comparison limits vs the BDT approach shows a clear but not so drastic improvement
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Expected exclusion limit at High-Luminosity LHC
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• Constraints in the (kt , α) plane for (blue) L = 300fb−1 and (red) L = 3000fb−1 at the 95 % CL using the
one-dimensional pT ,H distribution

• Evaluation using 6 (dotted line) and 36 (dashed line) bins and the two-dimensional (pT ,H , |cos θ∗|)distributions (solid line, 6 × 6 bins)
• L = 3000fb−1 also presented with the L = 300fb−1 contour
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Recap and outlook

Recap
• We presented a study to extend STXS targeting CP in ttH using three channels
• The sensitivity based on 2 suitable variables is similar to that of a multivariate analysis

• Our sensitivity study shows that blab
2 ,∆ηt t̄

t t̄
, and |cos θ∗| are similarly good 2nd variables, in combination

with pT ,H

• Up to 40% improvement in some area of the phase space

Outlook
• The full study is published: link
• To implement the proposal→ parton level top quark definition needs to be added to the STXS framework
• Have been consider applying this new approach in ongoing measurements
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Thank you for your attention
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ttH bb channel

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 42

https://indico.cern.ch/event/1253590/contributions/5928179/


ttH bb channel – 1

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 43

https://indico.cern.ch/event/1253590/contributions/5928179/


ttH γγ channel

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 44

https://indico.cern.ch/event/1253590/contributions/5928179/


ttH γγ channel – 1

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 45

https://indico.cern.ch/event/1253590/contributions/5928179/


ttH – indirect CP constraints (EDM)

L ⊃ − yf√
2

(
κf f̄ f + iκ̃f f̄γ5f

)
h

where f = t , b, τ and yf =
√

2mf/v is the SM Yukawa coupling with mf the fermion mass and v ≃ 246GeV
the electroweak symmetry breaking vacuum expectation value of the Higgs field. The couplings κ̃f are CPviolating, while κf parametrize CP-conserving NP (see link) 46

https://arxiv.org/pdf/1310.1385


Various channels info

• Various factor utilized to scale the distributions for the three channels
• They were taken from available info from published papers in the three channels

Acceptance factors
t t̄H(parton) t t̄H(→ γγ) t t̄H(multilep.) t t̄H(→ bb̄)

α = 0◦ 1 2.5 · 10−1 3.6 · 10−2 5.0 · 10−3

α = 35◦ 1 2.5 · 10−1 3.6 · 10−2 5.2 · 10−3

α = 45◦ 1 2.7 · 10−1 3.8 · 10−2 5.4 · 10−3

α = 90◦ 1 3.2 · 10−1 4.2 · 10−2 6.5 · 10−3

Normalization factors + Branching Ratio
t t̄H(parton) t t̄H(→ γγ) t t̄H(multilep.) t t̄H(→ bb̄)

BR 1 2.27 · 10−3 6.79 · 10−2 5.81 · 10−1

α = 0◦ Normalized 93 401 473
α = 35◦ Normalized 77 328 397
α = 45◦ Normalized 69 290 358
α = 90◦ Normalized 45 180 244

Smearing factors
t t̄H(parton) t t̄H(→ γγ) t t̄H(multilep.) t t̄H(→ bb̄)

∆pT ,H None 4GeV 120GeV 80GeV
∆pT ,t None 40GeV 70GeV 70GeV
∆ηt None 0.5 0.8 0.8
∆ϕt None None 20◦ 20◦
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