
1/25

How can top quarks help probing the Higgs
sector, DM and BSM?

A. Onofre
in coll. R.Santos, J.Aguilar-Saavedra, M.C.N. Fiolhais, A.Ferroglia, R.Capucha,

D.Azevedo, P. Martin-Ramiro, J. M. Moreno, J.Martins, P.Chaves
(antonio.onofre@cern.ch)

Workshop on Multi-Higgs Models,
IST, 30th August - 2nd September 2022, Lisbon - Portugal

CERN/FIS-PAR/0029/2019 CERN/FIS-PAR/0037/2021

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, I.S.T.



2/25

Outline

The t-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 couplings and

spin correlations

Many processes available
impossible to cover all
concentrate on new results

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

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

The t t̄φ DM searches
via simplified models
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The top quark
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm

* Preliminary

WGtopLHC
June 2022

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 

ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 

ATLAS, leptonic invariant mass (*) 13 TeV  [9] 0.67)± 0.78 (0.40 ±174.48 

CMS, l+jets 7 TeV  [10] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [11] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [12] 1.23)± 1.41 (0.69 ±173.49 

CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [15] 0.62)± 0.63 (0.08 ±172.25 

CMS, dilepton 13 TeV  [16] 0.69)± 0.70 (0.14 ±172.33 

CMS, all jets 13 TeV  [17] 0.70)± 0.73 (0.20 ±172.34 

CMS, single top 13 TeV  [18] 0.70)± 0.77 (0.32 ±172.13 

CMS, l+jets (*) 13 TeV  [19] 0.38±171.77 

CMS, boosted (*) 13 TeV  [20] 0.78)± 0.81 (0.22 ±172.76 
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The top quark was discovered (CDF,D0)

almost 30 years ago
PRL74 2626-2631 (1995);
PRL74 2632-2637 (1995).
Properties:

heaviest known fundamental fermion
mt ∼ 173GeV
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 corr.)
τt ∼ 10−25s
� Λ−1

QCD ∼(100 MeV)−1 ∼ 10−23s
⇒ top decays before hadronization takes place

Double Production at the LHC:
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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 Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, I.S.T.



6/25

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 on the left, and
different MC simulations on the right.
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

Dileptonic Signal Reconstruction:

+ gg,qq̄ → t t̄ → (b`+ν`)(b̄`−ν̄`)
PROTOS signal samples for SM and pure tR t̄R ,
tL t̄L,tR t̄L,tL t̄R (all r,k,n axes) ⊕ DELPHES

+ Constrained Kinematic fit
I- Mass constraints:

(1) (pW + + pb)2 = m2
t

(2) (pW− + pb̄)2 = m2
t̄

(3) (p`+ + pν)2 = m2
W +

(4) (p`− + pν̄)2 = m2
W−

II- Missing Transverse Energy:
(1) pνx + pν̄x = /Ex

(2) pνy + pν̄y = /Ey

III- χ2 Minimization:

(1) χ2 =
(mrec

t −mt )2

Γ2
t

+
(mrec

t̄ −mt̄ )2

Γ2
t̄

+
(mrec

W +−mW + )2

Γ2
W +

+
(mrec

W−−mW− )2

Γ2
W−

+
(pT

t −pT
t̄ )2

(σT
p )2

+ mW =80.4 GeV, mt =173 GeV, Γt =11.5 GeV, ΓW =7.5 GeV, σT
p =20 GeV

2χ
0 1 2 3 4 5 6 7 8 9 10

2 χ
1/

N
 d

N
/d

0

0.05

0.1

0.15

0.2

0.25

 [Gev]tm
100 120 140 160 180 200 220 240

t
1/

N
 d

N
/d

m

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

 [GeV]+Wm
60 70 80 90 100 110 120 130 140

+
W

1/
N

 d
N

/d
m

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

*)
l+b

θx=cos(
1− 0.5− 0 0.5 1

 [G
eV

]
t

(r
ec

.)
 m

150

155

160

165

170

175

180

185

190

 = 13 TeVsLHC, 
PROTOS

2)
T

N(dP
N2d

=173 GeV
t

 events, mtt

)µdilepton channel (e+

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, I.S.T.



10/25

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: 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)

pp → t t̄ pp → tWH pp → tqH

strong dependence
of ∆y , Mt t̄ with k , k̃
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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

Antonio Onofre Workshop on Multi-Higgs Models, 30 Aug-2 Sep. 2022, I.S.T.
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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)
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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)
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t t̄H, tH Production @ the LHC

+ Probing the top quark - Higgs boson vertex CP nature using Asymmetries
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DM in t t̄ Production @ LHC

+ Normalized Differential Distributions
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Conclusions

RUN 2 + top quark + Higgs boson precision physics (spin,
parity, spin correlations in t t̄ , BSM...) quite remarkable for an
Hadronic Collider ...RUN 3 data will improve the situation; +
sensitivity to small contributions (NNLO, interferences, etc.) will
(progressively) be more and more important

Need to measure the nature of the top quark Higgs boson
couplings and search for additional sources of CP-violation
(direct t t̄φ measurements are crucial)

This search can indeed be extend to DM with the significant
amount of luminosity expected at RUN3

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 play an important role at RUN3
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