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The ttH process
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ttH published results:
• 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
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Motivations to search for CP violation in the Higgs-Yukawa couplings

• There is not enough CP to match observed matter predominance

Charge symmetry

   

Parity symmetry

         

Yukawa interaction:

LY.-fermion = −
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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
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STXS framework and current limits on CP violation in the top Yukawa coupling

Simplified template cross–section
method (STXS, link):
– 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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Published results for search of CP violation in ttH – ATLAS

Methods currently in use relies on machine learning techniques or using CP-observables
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ATLAS ttH(H→ bb) (link) performed using
CP-observables

ATLAS ttH→ML (link) performed using
combined

ATLAS ttH(H→ γγ) (link), BDT trained to
separate CP-even/odd
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Published results for search of CP violation in ttH – CMS

First performed combination with full Run 2, machine learning techniques to separate the SM from BSM

CMS ttH, combinaned results of all measured channels (link) 8
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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)

11



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
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• 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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Results and 2D combination

• Considered 31 different observables across four rest frames plus their two-dimensional combinations

• 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

15
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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◦)

∆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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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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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

19
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Expected exclusion limit at High-Luminosity LHC

plab
T,H (6 bins)

Combined limits

plab
T,H (36 bins) plab

T,H + θ∗ (6 × 6 bins)

L = 300 / 3000 fb−1
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• constraints in the (gt , 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 20



Extended proposition for STXS in ttH
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Conclusion
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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
• Can be directly tested future CP violation searches in ttH channel at the LHC
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Thank you for your attention
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BACKUP

25



ttH in the Standard Model

26



ttH bb channel

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 27

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


ttH bb channel – 1

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 28

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


ttH γγ channel

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 29

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


ttH γγ channel – 1

From LHCP2024 talk of Anastasia Anastasia Kotsokechagia (link) 30

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) 31

https://arxiv.org/pdf/1310.1385


ttH, H→ γγ results CP

ATLAS analysis (PRL 125, 061802):
1 train BDT to separate ttH from background (BKG

Discriminant)
2 BDT trained to separate CP-even from CP-odd couplings

(CP Discriminant)
CP-odd excluded with 3.9σ, |α|> 43 at 95% CL

CMS analysis (PRL 125, 061801):
• 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.

32

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.061801


CMS ttH→multilepton and combination CP

• Similar methodology in multilepton (CP-odd excluded at> 2σ) and H→VV→4ℓ channels (CP-odd excluded at 3.1σ)
(arXiv:2208.02686 and PRD 104, 052004)

• Observed combined result of |f t t̄H
CP |< 0.55 at 68% and pure CP-odd scenario excluded at 3.7σ.

• Will soon be available from ATLAS
33

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-006/index.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052004


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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