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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

+ All about t-quark Spin
⊕ Spin Correlations !

Introduction

1D distributions and
t t̄ Spin Correlations

2D distributions and
new method to assess
t t̄ spin correlations, Interferences...
[Eur.Phys.J.C 82 (2022) 2]

The t t̄φ DM searches
via simplified models
low to high mass
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Introduction

The top quark
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The top quark

The top quark was discovered by
CDF and D0 in 1995, almost 30 years ago
PRL74 2626-2631 (1995);
PRL74 2632-2637 (1995).

Properties:
belongs to 3rd generation of quarks
the top quark is the weak-isospin
partner of the b-quark
spin = 1/2
charge = +2/3 |e|
heaviest known fundamental fermion
(mt = 173.34± 0.76 GeV, World comb.(2014), arXiv:1403.4427)
dominant decay mode: t → bW
BR(t → sW ) ≤0.18%, BR(t → dW ) ≤0.02%
ΓSM

t = 1.42 GeV (including mb, mW , αs , EW corrections)
τt =(3.29+0.90

−0.63) ×10−25s (D0, PRD 85 091104, 2012)

� Λ−1
QCD ∼(100 MeV)−1 ∼ 10−23s (hadronization time)

⇒ top decays before hadronization takes place

Antonio Onofre LHC Physics Course, 2nd April



5/54

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, σ(t t̄)=924+32

−40 pb @ 13.6 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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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, σ(t t̄)=924+32

−40 pb @ 13.6 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).

t quark decays
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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, σ(t t̄)=924+32

−40 pb @ 13.6 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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t t̄ production at the LHC
Production at the LHC:

σ(t t̄)=177.3±9.9+4.6
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t t̄ production @ the LHC and Tevatron

Cross-Section Measurements up to 13.6 TeV
+ New ATLAS+CMS Results (November 2023)
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t t̄ Production: Top spin observables

How to Probe New Physics @ the LHC?
whatever model, observables are needed...

Spin observables are quite powerful!
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t t̄ Production: Top spin correlations FACT 1
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t t̄ Production: Top spin correlations FACT 2

t

l +

θ l +

Antonio Onofre LHC Physics Course, 2nd April



13/54

t t̄ Production: Top spin correlations FACT 3

t

l+
θl+
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t t̄ Production: Top spin correlations FACT 4

t

l+
θl+

The use of the tt 
Centre-of-Mass is 

indeed quite 
convenient I.e., just 
one single direction!
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t t̄ Production: Top spin correlations FACT 4

t

l+
θl+

The use of the tt 
Centre-of-Mass is 

indeed quite 
convenient I.e., just 
one single direction!

Why using lepton/quarks 
angles in t Centre-of-

Mass?
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t t̄ Production: Top spin correlations FACT 5

t

l+
θl+
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t t̄ Production: Top spin correlations FACT 6

t

l+
θl+
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t t̄ Production: Top spin observables

Is the t t̄ c.m. the only system of reference?
.....not really!
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t t̄ Production: Top spin correlations FACT 7

The (four-fold) normalised cross section distribution:

B1 (B2) = top (anti-top) vector spin polarisations    C = spin correlation matrix   

l1 (l2) = the l+ (l-) directions in the t(t) system ^ -^ ^ ^

Antonio Onofre LHC Physics Course, 2nd April
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t t̄ Production: Top spin correlations FACT 7

The (four-fold) normalised cross section distribution:

B1 (B2) = top (anti-top) vector spin polarisations    C = spin correlation matrix   

l1 (l2) = the l+ (l-) directions in the t(t) system ^ -^ ^ ^

Different polar axes a and b can be used, particles defined with respect to them:
^^

z1 = cos θ+ = l+.â^ z2 = cos θ- = l-.b^ ^
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t t̄ Production: Top spin correlations FACT 8

The (four-fold) normalised cross section distribution:

B1 (B2) = top (anti-top) vector spin polarisations    C = spin correlation matrix   

l1 (l2) = the l+ (l-) directions in the t(t) system ^ -^ ^ ^

Different polar axes a and b can be used, particles defined with respect to them:
^^

The B and C functions are defined in the {r,k,n} basis:^ ^^

 k = top quark flight direction in tt system-^

z1 = cos θ+ = l+.â^ z2 = cos θ- = l-.b^ ^
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t t̄ Production: Top spin correlations FACT 9

The (four-fold) normalised cross section distribution:

B1 (B2) = top (anti-top) vector spin polarisations    C = spin correlation matrix   

l1 (l2) = the l+ (l-) directions in the t(t) system ^ -^ ^ ^

Different polar axes a and b can be used, particles defined with respect to them:
^^

The B and C functions are defined in the {r,k,n} basis:^ ^^

 k = top quark flight direction in tt system-^

Why these axis choice?z1 = cos θ+ = l+.â^ z2 = cos θ- = l-.b^ ^
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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 FACT 6 Measurement

+ 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 observables

Are the t t̄ 1D observables the only ones?
.....not really! (2D observables OK)
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t t̄ Production: 2D Template top spin correlations FACT 10

+ Double Differential Normalized Distributions [Eur.Phys.J.C 82 (2022) 2]
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t t̄ Production: 2D Template top spin correlations FACT 10

+ Double Differential Normalized Distributions [Eur.Phys.J.C 82 (2022) 2]
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t t̄ Production: 2D Template top spin correlations FACT 11

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

+ Double Differential Normalized Templates in {r̂ ,k̂ ,n̂} axes
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t t̄ Production: 2D Template top spin correlations FACT 12

+ Template 2D fit example in k̂ axis (from linearity tests)
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t t̄ Production: 2D Template top spin correlations FACT 11 test

+ 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

Antonio Onofre LHC Physics Course, 2nd April



33/54

t t̄ Production: 2D Template top spin correlations FACT 11 test

+ Results for the SM in all {r̂ ,k̂ ,n̂} axes
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t t̄H, tH Production @ the LHC

What happens if t t̄ is accompanied with additional
bosons (e.g. Higgs, Dark Matter mediators, etc.) ?

arXiv:2208.04271, JHEP 4 (2014), JHEP 01 (2022) 158
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t t̄H, tH Production @ the LHC FACT 13

+ Probing the top quark - Higgs boson vertex CP nature

Antonio Onofre LHC Physics Course, 2nd April



36/54

t t̄H, tH Production @ the LHC FACT 14

+ Probing the top quark - Higgs boson vertex CP nature
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t t̄H, tH Production @ the LHC FACT 15

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

+ dσt t̄φ with Interference term:
dσt t̄φ = κ2 dσCP-even + κ̃2 dσCP-odd + κκ̃ dσint
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t t̄H, tH Production @ the LHC FACT 16

+ Idea for RUN 3: use Asymmetries
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t t̄H, tH Production @ the LHC FACT 17

+ Idea for RUN 3: use Asymmetries
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Dark Matter

Are Spin Observables sensitive to Dark Matter?
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Dark Matter
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Dark Matter
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Dark Matter
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DM in t t̄ Production @ LHC

How, with all previous methods, can we say something
about Dark Matter and its properties?

[arXiv:2308.00819 (hep-ph)]
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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, 2nd April



49/54

DM in t t̄ Production @ LHC

+ Normalized Differential Distributions
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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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DM in t t̄ Production @ LHC

+ CLs exclusions
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Just one simple example
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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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Conclusions

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

Asymmetries can play an important role at the LHC
A lot to be done for DM @ LHC: observables exist, they
need to be studied phenomenologically i.e. the 2D angular
correlations, the asymmetries, etc.
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