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Outline

The top-quark and Higgs boson (φ) have a quite rich
phenomenology. + Understanding the couplings and the
connection to BSM, DM etc., is quite important @ LHC

List of Topics Covered
+ all about t spin and

spin correlations

Data fits, fits and more fits...

a Template Method to measure
t t̄ spin correlations, Interferences...
[Eur.Phys.J.C 82 (2022) 2]

t t̄φ production @ LHC
CP-violation, asym.
and Interferences in t t̄φ
[arXiv:2208.04271, 8 Aug 2022]

The t t̄φ DM searches
via simplified models
low to high mass
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t t̄ production at the LHC
Production at the LHC:

σ(t t̄)=177.3±9.9+4.6
−6.0 pb @ 7 TeV, σ(t t̄)=252.9±11.7+6.4

−8.6 pb @ 8 TeV, σ(t t̄)=832+40
−46 pb @ 13 TeV

NNLO+NNLL, mt =172.5 GeV PLB 710 612 (2012), PRL 109 132001(2012),
JHEP 1212 054(2012), JHEP 1301 080(2013), PRL110 252004 (2013).
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Top quark pair production (t t̄)

+ Example of Decay Observable: cos θ∗` [F0,FL,FR]

F SM
0 = 0.687± 0.005

F SM
L = 0.311± 0.005

F SM
R = 0.0017± 0.0001

@ NNLO QCD calculation, PRD81(2010)111503
(F0 + FL + FR = 1)

EPJC77(2017)264
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t t̄ Production: Top spin correlations

+ Although produced unpolarised, the t spins are correlated in t t̄ events

σ = σRR + σLL + σRL + σLR

quantum interference effects between polarisation states exist

+ Probe spin correlations using the `± i.e, cos θ`± (t t̄ dileptonic decays)

+ The ∆Φ`+`− also used in LAB frame
(does not require t t̄ reconstruction)

1
σ

dσ
d cos Φ``

= 1
2 (1− D cos Φ``)
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t t̄ Production: Top spin correlations

+ Measurements with respect to {r̂t ,k̂t ,n̂t } axis [JHEP12(2015)026]

Antonio Onofre LHC Physics Course, 3th April 2023



7/35

t t̄ Production: Top spin correlations

+ CMS Measurements [Phys. Rev. D 100 (2019) no.7, 072002]
for each 15 coefficient B1,B2, C single differential distributions are used
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t t̄ Production: Top spin correlations

+ Using the Normalized Differential |∆φ`+`− | Distribution (LAB system)

+ ATLAS and CMS data compared to calculations at NNLO.
(https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots)
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t t̄ Production: Top spin correlations with a Template Method

+ Double Differential Normalized Distributions [Eur.Phys.J.C 82 (2022) 2]
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t t̄ Production: Top spin correlations with a Template Method

+ Double Differential Normalized Templates in {r̂ ,k̂ ,n̂} axes
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t t̄ Production: Top spin correlations with a Template Method

+ Template 2D fit example in k̂ axis (from linearity tests)
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t t̄ Production: Top spin correlations with a Template Method

+ Interference effects can also be measured in all axes {r̂ ,k̂ ,n̂}
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+ BSM interference effects are different from the SM in all {r̂ ,k̂ ,n̂} axes
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t t̄ Production: Top spin correlations with a Template Method

+ Results for the SM and CMDM in all {r̂ ,k̂ ,n̂} axes
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t t̄ Production: Top spin correlations with a Template Method

+ Results for the SM and CMDM in all {r̂ ,k̂ ,n̂} axes
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t t̄ Production: Loop corrections sensitive to top Yukawa couplings

EW Loop corrections in t t̄ Production @ the LHC
[Phys. Rev. D 104, 055045 (2021)]
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t t̄ Production: Loop corrections sensitive to top Yukawa couplings

+ EW loops in t t̄ production are sensitive to the Higgs CP nature (k ,k̃ )
Phys. Rev. D 104, 055045 (2021)
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t t̄ Production: Loop corrections sensitive to top Yukawa couplings

+ EW loops in t t̄ production are sensitive to the Higgs CP nature (k ,k̃ )
Phys. Rev. D 104, 055045 (2021)
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t t̄H, tH Production

+ Experimental results on the Higgs CP nature (k ,k̃ )
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t t̄H, tH Production @ the LHC

Can we probe CP violation and Interference Effects in
associated Higgs production @ the LHC ?

arXiv:2208.04271, JHEP 4 (2014), JHEP 01 (2022) 158
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature

+ Pheno study with t t̄φ 2` events i.e., t t̄φ→ (b`+ν`)(b̄`−ν̄`)(bb̄)

+ Event Generation+Simulation @ 13 TeV (RUN2)
MadGraph5_aMC@NLO for t t̄φ, φ = A,H and t t̄bb̄ (@ NLO)
Backgrounds @ LO with MLM: t t̄ + jets, t t̄V + jets, Single t ,
W (Z )+jets, W (Z )bb̄+jets, VV+jets
t t̄φ signals for: α = 0o, 22.5o, 45o, 67.5o, 90o, 135o and 180o

MadSpin ⊕ Pythia ⊕ DELPHES
MadAnalysis5, Njets ≥4 ⊕ Nlep ≥2
(pT ≥20 GeV, |η| ≤2.5)

+ CP-observables arXiv:2208.04271
(1) bt t̄φ

2 = (~pt × k̂z).(~pt̄ × k̂z)/(|~pt |.|~pt̄ |)
(2) bt t̄φ

4 = (pz
t .p

z
t̄ )/(|~pt |.|~pt̄ |)

(3) sin(θt t̄φ
φ ) ∗ sin(θt t̄

t̄ )

(4) sin(θt t̄φ
φ ) ∗ sin(θ t̄

b̄t̄
) (seq. boost)

+ Observables sensitive to mixing
(5) ∆φt t̄

ll = sgn[p̂t · (p̂l+ × p̂l−)] arccos[(p̂t × p̂l+ ) · (p̂t × p̂l−)]

+ Differential cross section and Interference term
dσt t̄φ = κ2 dσCP-even + κ̃2 dσCP-odd + κκ̃ dσint
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)

+ Differential cross section and Interference term
dσt t̄φ = κ2 dσCP-even + κ̃2 dσCP-odd + κκ̃ dσint

solving for dσint we get:
dσint = dσt t̄φ − (κ2 dσCP-even + κ̃2 dσCP-odd)/(κκ̃)
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)

+ Differential cross section and Interference term
dσt t̄φ = κ2 dσCP-even + κ̃2 dσCP-odd + κκ̃ dσint

solving for dσint we get:
dσint = dσt t̄φ − (κ2 dσCP-even + κ̃2 dσCP-odd)/(κκ̃)
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature (Interf. Terms)

+ Hard to measure Interference terms (even at the HL-LHC):
...need to study other channels and observables
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t t̄H, tH Production @ the LHC

+ Idea for RUN 3: use Asymmetries
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t t̄H, tH Production @ the LHC

+ Idea for RUN 3: use Asymmetries
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DM in t t̄ Production @ LHC

DM Effects in tt Spin Observables
Interaction Lagrangians for Spin 0 and 1 Mediators

Scalar/pseudo-scalar Vector/Axial-vector

Note: reconstruct only the tt system and study  
         spin-parity effects in exp. observables

-

-

pure scalar:  gSXD= gSu33=1,    gPXD= gPu33=0 
pure pseudo-scalar:  gSXD= gSu33=0,    gPXD= gPu33=1 

pure vector:  gVXD=1, gVu33=0.25,   gAXD= gAq33=0 
pure axial-vector:  gVXD= gVq33=0,          gAXD=1, gAq33=1 

Antonio Onofre LHC Physics Course, 3th April 2023



29/35

DM in t t̄ Production @ LHC

+ Normalized Differential Distributions
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DM in t t̄ Production @ LHC

+ Differential Distributions
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Spin Correlations Observables in tt Events @ LHC (analysis)
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DM in t t̄ Production @ LHC

+ CLs exclusions
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DM in t t̄ Production @ LHC

+ CLs exclusions
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Note: use mΦ=0, and mDM=0
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DM in t t̄ Production @ LHC

+ CLs exclusions
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Just one simple example

Scalar/pseudo-scalar Vector/Axial-vector
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DM in t t̄ Production @ LHC

+ CLs exclusions

Just one simple example

Scalar/pseudo-scalar Vector/Axial-vector

Note: use mΦ=0, and mDM=0

Limits from 2D also good for tt Events @ LHC (analysis)
SM (Null Hyp.)
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Conclusions

RUN 3 has started! + sensitivity to small contributions (NNLO,
interferences, etc.) will (progressively) be more and more
important

the LHC is becoming a very precise machine

Top quark spin observables are indeed quite powerful to probe
New Physics

But spin physics requires: monitoring the parameter space and
finding CP-even and CP-odd angular distributions that can help
distinguishing background from signal and also between different
signals (probably a combination of those would be best.....)

CP Asymmetries can play an important role at RUN3
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