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Motivation
● Top quark is the heaviest known elementary particle

● Crucial for electroweak vacuum stability ➸ maximum 

contribution in loop corrections to the masses of W, 

Z, and Higgs bosons

● LHC is a top quark factory ➸ production rates 

@ 13 TeV

○ Top pair (𝑡 ҧ𝑡) ~831 pb

○ Single top:

■ t-channel ~217 pb

■ tW-channel  ~84 pb
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Symmetries and top quark
● Charge Asymmetry (AC) and Forward-backward Asymmetry (AFB) :

○ Qq → 𝑡 ҧ𝑡 expect a broader rapidity distribution for 𝑡 than ҧ𝑡
○ At LO symmetry under charge conjugation

○ Charge Asymmetry arises at higher order [ref]  

● CPT Invariance:

○ Particles & antiparticles have identical properties, e.g mass, lifetime

○ Δ𝑚𝑡 = 𝑚𝑡 −𝑚 ҧ𝑡
measurement is a sensitive probe for CPT invariance

● CP Violation (CPV):

○ CPV manifested due to an irreducible phase in the CKM matrix

○ CPV in SM is small to describe the matter-antimatter asymmetry [ref] 

○ BSM interaction could be possible additional source of CPV which is 

manifested through finite chromo-electric dipole moment (CEDM)

● Charged Lepton Flavour Violation (CLFV):

○ CLFV is not allowed in the SM

○ Discovery of neutrino oscillations ➸ neutrinos have mass 

○ CLFV is suppressed due to the smallness of neutrino masses

○ BSM effects ➸ CLFV in top quark decay 3
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Charge asymmetry in 𝑡 ҧ𝑡 with highly Lorentz-boosted top quarks

❖ Relative contribution of valence quarks increases at high momentum 

transfer  ➸ more stringent probe of the QCD as well as sensitive to 

BSM physics

y is the rapidity

❖ Lepton+jets: 1 lepton, 2 AK4 jet, at least 1 b-tagged AK4 jet

❖ 𝑝𝑇
𝑚𝑖𝑠𝑠: 

➢ e ➸ 𝑝𝑇
𝑚𝑖𝑠𝑠 > 120 𝐺𝑒𝑉

➢ 𝜇 ➸ 𝑝𝑇
𝑚𝑖𝑠𝑠 > 50 𝐺𝑒𝑉

❖ Three topological categories :

1. Boosted ➸ one t-tag + no W tag          

2. Semiresolved  ➸ W tag + no t-tag   

3. Resolved ➸ no t-tag + no W tag

t and W tagging algo. applied to AK8 jet with pT > 400 GeV
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Charge asymmetry in 𝑡 ҧ𝑡 with highly Lorentz-boosted top quarks
❖ Split into two invariant-mass categories, namely 750 < 𝑀𝑡𝑡< 900 GeV and 𝑀𝑡𝑡 > 900 GeV

❖ An ML fit performed ➸ bkg yield free parameter 

Simultaneous fit 2⤫3⤫2 categories 

Fit has been done for Δ|y|>0 

and Δ|y|<0 and then AC

fiducial is calculated

Fit has been done for Δ|y|<0 

and AC fiducial to ensure 

correct unct. estimation 

Measu. inclusive asymmetry

= 0.69-0.69
+0.65 %

Dominant systematic uncertainty: 𝜇F scale and PDF
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Ac ~ 1% [ref] at LHC

https://link.springer.com/article/10.1007/JHEP01(2012)063


Mass ratio/diff. as a CPT probe in single top events

❖ 𝑡 and ҧ𝑡 produced stat. independent events ➸ Mass of the top 

quark and antiquark  measured separately 

❖ The ratio and difference of 𝑡 and ҧ𝑡 masses are measured in single 

top quark 𝑡-channel process

❖ 1 lepton + 2 jets (1 b-tagged jet)

❖ 𝑚𝑇 (lepton, 𝑝𝑇
𝑚𝑖𝑠𝑠) > 50 GeV

❖ QCD bkg. is estimated by using the data-driven method

❖ Estimate pz,𝜈 using mW constraint

❖ Top mass is reconstructed by adding the four momenta of 

final-state lepton, neutrino and the b-tagged jet
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Mass ratio/diff. as a CPT probe in single top events

❖ 2 BDTs (e/𝜇) are used  to extract signal

❖ ζ  = ln(mt/1 GeV) ➸ get symmetric distribution

❖ A simultaneous ML fit to ζ distributions in data in both lepton 

flavours
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para value stat. syst. source

mt 172.13 0.32 0.69 JES

Δmt 0.83 0.69 1.65 JES

Rmt 0.9952 0.0040 0.0096 JES

(Flavour)

BDT > 0.8 BDT > 0.8



Search for CP violation using 𝑡 ҧ𝑡 events (lepton+jet)

❖ Lepton+jets: 1 lepton, at least 4 

jets (2 b-tagged jets)

❖ The combination of the jets selected 

which minimize the 𝝌2 :

❖ BSM interaction modifies tg coupling  in the Lagrangian ➸ CEDM (dtG) [ref] ➸ possible source of CPV 

❖ 4 operators are observed 

❖ 𝝌2 <20 and mlb > 150 GeV
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Search for CP violation using 𝑡 ҧ𝑡 events (lepton+jet)

❖ CEDM contribution can be as large as 8 and 0.4% for ACP(o3) & ACP(o12) 

[ref]

❖ Data-driven bkg estimation has been done

❖ ML fit to data using the mlb distribution

❖ A’CP is calibrated using the ACP value at the generator level

★ dtG is determined from ACP.

★ dtG = 0.04 ± 0.10 (stat) ± 0.07 (syst)
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Search for CP violation using 𝑡 ҧ𝑡 events (leptonic)

❖ 2 leptons with opposite charge, at least 2 jets (1 b-tagged jet)

❖ Three di-leptonic channels (e+e-, 𝜇+𝜇-, e±𝜇∓)

❖ 𝑚ℓℓ > 20 𝐺𝑒𝑉

❖ exclude Z mass window for same flavour leptons 

(76 to106 GeV)

❖ Two CP-odd observables are explored, namely O1 and O3, 

which are scalar under the Lorentz transformation
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Search for CP violation using 𝑡 ҧ𝑡 events (leptonic)
❖ ML fit to data using O1 and O3 ➸ extract the 𝑡 ҧ𝑡 x-sec. 

❖ O1 and O3 are stat. correlated (~46%)➸ measured ACP

combined using the best linear unbiased estimator method 

❖ CEDM par. img(dtG) is  parametrize with the Asymmetry 
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oper. dtG stat. syst. Source

(Domi.)

O1 0.10 0.12 0.12 CR, UE

O3 0.00 0.12 0.10 CR, UE



Charged lepton flavour violation in top quark production

❖ Oppositely charged e𝜇 lepton pair, 

at least 1 AK4 b-tagged jets

❖ Leading lepton pT > 20 GeV, 

m(e𝜇)  > 20 GeV

❖ Effective Lagrangian consisting Wilson coefficient of dim-6 ➸ CLFV interaction of the top quark

Analysis combines the search for “e𝜇tu” 

and “e𝜇tc” (generated separately) CLFV 

interaction in top quark production 

⋀ = 1 TeV; Cx
e𝜇tq = 1 for Simulation
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Charged lepton flavour violation in top quark production

❖ ML fit has been performed to the BDT discriminants in data 

simultaneously in signal and control regions ➸ extract signal 

cross-section 

❖ Upper limit on the WC ➸ 95% (CLs)  ➸ limit on the top quark 

CLFV BRs.

★ No significant excess is observed over the 

SM expectation

B(t->e𝜇q) < 0.13 (1.31), 0.07(0.89), 0.25(2.59) O(10-6) , q=u(c) 
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Summary

● Latest results from CMS on tests of various  asymmetries related to the top 

quark sector are summarised

● No significant excess is observed over the SM expectation

● More results are still to come from legacy Run-2 of LHC data in the near future

● The top qualk factory is back on production for LHC Run 3 of data taking 

● From cms Run3 results already shown up: 
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𝒕 ҧ𝒕 production cross section : 

887+43
−41(stat+syst) ± 53 (lumi) pb



BackUp

15



16

Charge asymmetry in 𝑡 ҧ𝑡 with highly Lorentz-boosted top quarks
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Charge asymmetry in 𝑡 ҧ𝑡 with highly Lorentz-boosted top quarks
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Search for CP violation 

using 𝑡 ҧ𝑡 events (lepton+jet)


