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Introduction

• Most experimental results agree with SM predictions (few exceptions: B meson decays and muon’s
anomalous magnetic moment). But it is incomplete - dark matter, matter-antimatter asymmetry.
Need new Physics.

• New scalars, both light and heavy, are predicted by several SM extensions with an enlarged scalar
sector. Dedicated searches for these scalars must be prepared and improved.

• ATLAS and CMS: discovered Higgs not a pure pseudoscalar, but mixed CP-states still possible, Phys.

Lett. B 759, 672 (2016). Additional CP-Violation, needed to explain asymmetry problem. Study of Higgs CP
nature is of utmost importance.

• Can be directly probed in the production or decays of these scalars. Proposals: top-quarks, taus.
Measurement of the Yukawa couplings primary target of the next LHC run. Using H → 𝛄𝛄 in pp → 𝐭 ҧ𝐭H,
ATLAS and CMS excluded pure CP-odd hypothesis (3.9σ), and set upper limit for mixing angle of 43o at
95% confidence level (CL). Rev. Lett. 125 (2020) 061801, Phys. Rev. Lett. 125 (2020) 061802
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The model

• Goal: study the possibility of probing the CP nature of the 

couplings of low mass Higgs bosons (φ) to top quarks in 𝐭 ҧ𝐭φ.

• SM + generic CP-violating Yukawa coupling to top-quark:

• 𝒚𝒕 - SM couplings. 𝜿𝒕 - coupling strength relative to SM. CP-even (α = 0, φ = H), CP-odd (α = π/2, φ = A).

• φ→ bതb, t ( ҧt) → W+b (W−തb) and W+ W− → l+υl l
−തυl - dileptonic state, with 𝐥 = 𝐞, 𝛍.

• Previous studies covered 125 GeV, Phys. Rev. D 96 (2017) 013004, and 40-500 GeV, JHEP 06 (2020) 155. Here,
𝒎φ= 12 – 40 GeV.
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Generation of signal and background events

• Generation of pp collisions at 13 TeV done with the Monte Carlo event generator
MadGraph5_aMC@NLO. JHEP 1407, 079 (2014)

• Four pure CP-even and CP-odd signals (12, 20, 30 and 40 GeV) generated with the HC_NLO_X0 model,
with NLO corrections, JHEP 1311 (2013). Backgrounds simulated with the SM implementation at LO: t ҧt +3
jets, t ҧtV + jets, single top, V + jets, VV + jets (V = W, Z), except for 𝐭 ҧ𝐭𝐛 ҧ𝐛 and 𝐭 ҧ𝐭𝐇𝐒𝐌.

• MadSpin used to decay heavy resonances (t, φ, and V) preserving full spin correlations. JHEP 1303, 015

(2013)

• Pythia 6 used for showering and hadronization. JHEP 0605, 026 (2006)

• DELPHES 3 used for a fast detector simulation of a LHC-like experiment, JHEP 1402, 057 (2014) . Jet
reconstruction used FastJet with the anti-kt algorithm, cone size of 𝚫𝐑 = 0.7. Eur. Phys. J. C 72 (2012) 1896,
JHEP 04 (2008) 063
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Problem from previous analysis

• Jets from φ decay overlap in the detector – one single jet. Significant loss of sensitivity of the

analysis. Smallness of ΔR(bϕ, തbϕ) due to analytic relation, valid for pT(ϕ) ≫ mϕ ,

𝚫𝐑 𝐛𝛟, ҧ𝐛𝛟 ∼ 𝟐 Τ𝐦𝛟 𝐩𝐓(𝛟).
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Event selection and bφ
തbφ reconstruction 

• Selection cuts:

➢Njets≥ 4 and Nlep≥ 2;
➢pT > 20 GeV and |η| < 2.5;
➢|ml+l− −mZ| > 10 GeV and at least 3 b-tagged jets.

• Reconstruction of the 𝐛φ
ҧ𝐛φ system:

➢Compute mass of each individual jet and pair of jets. For the pair,
besides the invariant mass, calculate

➢Choose method giving the closest reconstructed mass to the input value (best of all methods). Jets (or jet)
used by the best method associated to the Higgs decay partons. 6



Methods performance

• Improvement by a factor of two for Higgs mass
resolution is noticeable when the best of all
methods is used. Also true for 125 GeV mass.

• New mass method takes contribution from energy
of one jet and angles of both (better reconstructed).
For invariant mass, energy resolution effects enter
twice, degrading the resolution.
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Reconstructed Higgs masses
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t ҧt reconstruction

• Reconstruction of the 𝐭 ҧ𝐭 system:

➢Boosted decision trees (BDTs) algorithm to assign jets to the b-quarks of the top-quarks.
Variables used for training: ΔR, Δφ and Δθ and minv of pairs (bt, l+), (bt, l-), (തb ҧt, l+), (തb ҧt, l-), (bt, തb ҧt).

• After matching b-jets and charged leptons, these are used to find the momentum of the
remaining particles. All missing energy due to neutrinos. If several solutions exist, the one with
the highest likelihood is chosen.
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Reconstruction plots



Results

• Gunion-He variables (both in the LAB and t ҧtφ CM system): Phys. Rev. Lett. 76 (1996)
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Results

• CLs for SM + new Higgs with mixed CP exclusion, assuming the SM, shown as contour plots in the
(κ, κ) plane. Gunion-He variables used.

• CL is 1 - p-value, under signal hypothesis, for observing test-statistic value expected (median) in
SM hypothesis. Test-statistic is logarithm likelihood ratio. Computation of p-values and medians
done using ensemble of toy experiments.

• Fixed LHC luminosities of 300 fb-1 and 3000 fb-1. Higgs mass range: 12-40 GeV. To avoid 𝚼 states
(8.5-11 GeV), we do not go lower than 12 GeV (𝑚φ < 8.5 GeV would require a different final state

and analysis).

• CP-mixed cross-section is given by:
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Complex Two-Higgs-doublet model (C2HDM)
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• Extension of the SM Higgs potential where a scalar doublet is added that allows for additional
CP-violation (m12

2 and λ5 complex). hep-ph/0211371

• ℤ𝟐 symmetry on the scalar and fermionic fields avoids FCNCs. Φ1 → Φ1 and Φ2 → −Φ2.
• Three neutral scalars (Hi, i = 1, 2, 3) with undefined CP, manifest in their Yukawa interactions.
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Interpretation in the C2HDM framework

• 𝐇𝟏 is the new scalar and the 125 GeV Higgs can be either 𝐇𝟐/ 𝐇𝟑. Due to low energy physics
measurements, 𝐭𝐚𝐧𝛃 > 𝟏.

• 𝐬𝐢𝐧 𝛂 = 𝟎 ⇒ 𝐬𝐢𝐧 𝛂𝟐 = 𝟎. CP-even limit is obtained unambiguously. What about sin 𝛼 ≈ 0?

• With our results, cosα1 ≈ 1, but the CP-violating angle α2 remains unconstrained.
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Conclusions

• New reconstruction method allows to search for light scalars in 𝐭 ҧ𝐭φ production in dileptonic final
states, overcoming the overlap of the Higgs jets issue.

• We gain roughly a factor of two in terms of Higgs mass resolution, compared to previous
analysis, where just the invariant mass is used. This method can be extrapolated to other Higgs
two body decays, like φ→ γγ.

• The 95% CL exclusion limits on the (|κ|, |κ|) plane can be as low as, approximately, (0.10, 0.50),
at the High Luminosity LHC (HL-LHC), for low mass Higgs bosons, in only the dileptonic channel.
These results are expected to improve by including other decay channels (such as semileptonic).

• The limits that we found for κ and κ constrain the parameter space of the C2HDM: cosα1 gets
closer to one, but α2 remains unconstrained, even for small values of κ/κ.
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