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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
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Higgs pole mass M, in GeV

LHC is a top quark factory = production rates
@ 13 TeV

o Top pair (tt) ~831 pb
Single top:

m t-channel ~217 pb

m tW-channel ~84 pb

(@)



Symmetries and top quark

e Charge Asymmetry (Ac) and Forward-backward Asymmetry (Agg) :
o Qq — tt expect a broader rapidity distribution for t than ¢t
o At LO symmetry under charge conjugation
o Charge Asymmetry arises at higher order [ref]

e CPT Invariance:
o Particles & antiparticles have identical properties, e.g mass, lifetime

o Am,=m, —m- measurementis a sensitive probe for CPT invariance
arXiv.1207.0331

e CP Violation (CPV):
o CPV manifested due to an irreducible phase in the CKM matrix

o CPVin SMis small to describe the matter-antimatter asymmetry [ref]
o BSM interaction could be possible additional source of CPV which is .
manifested through finite chromo-electric dipole moment (CEDM)

LHC

do/dy

e Charged Lepton Flavour Violation (CLFV):
o CLFVis not allowed in the SM
o Discovery of neutrino oscillations = neutrinos have mass ; 2 C o ' 2 ;
o CLFV is suppressed due to the smallness of neutrino masses
O

BSM effects = CLFV in top quark decay 3



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.082003
https://doi.org/10.1016/0550-3213(87)90127-1
https://doi.org/10.48550/arXiv.1207.0331

Charge asymmetry in tt 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

_ N(Aly| > 0) — N(Aly| <0) Alyl = lyel — lysl
N(Aly| > 0) + N(Aly| <0)’ y is the rapidity

Ac

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

.:. meiss:
> @ » p,miss > 120 GelV
> U = pis > 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 p; > 400 GeV
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https://doi.org/10.48550/arXiv.2208.02751
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Charge asymmetry in t¢ with highly Lorentz-boosted top quarks

“» Split into two invariant-mass categories, namely 750 < M,,< 900 GeV and M,, > 900 GeV
*» An ML fit performed >+ bkg yield free parameter
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Fit has been done for Aly|>0
and Aly|<0 and then A
fiducial is calculated

Fit has been done for Aly|<0
and A fiducial to ensure
correct unct. estimation

Dominant systematic uncertainty: yr scale and PDF

[750,900] GeV >900 GeV

A, ~ 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

JHEP 12 (2021) 161

¢ t and  produced stat. independent events = Mass of the top
quark and antiquark measured separately q

%* The ratio and difference of t and t masses are measured in single
top quark t-channel process

< 1 lepton + 2 jets (1 b-tagged jet)
< m, (lepton, p,;miss) > 50 GeV

&
** QCD bkg. is estimated by using the data-driven method <10° 35 9fb (13 TeV)
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https://doi.org/10.1007/JHEP12%282021%29161

Events/ 0.09

Data — Fit

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

% 2BDTs (e/l) are used to extract signal

% C =In(m/1 GeV) » get symmetric distribution

** A simultaneous ML fit to ¢ distributions in data in both lepton
flavours

g
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----- SM prediction

CMS, single t (13 TeV)

CMS, 1t/ + jets (8 TeV)

ATLAS, ff | + jets (7 TeV)

Am, (GeV) :
para | value | stat. syst. source
m, 172.13 | 0.32 0.69 JES
Am, | 0.83 0.69 1.65 JES
R, | 0.9952 | 0.0040 | 0.0096 | JES
(Flavour)




Events / 0.04 GeV

BSM /SM Data/ MC

Search for CP violation using tt events (lepton+jet)

** BSM interaction modifies tg coupling in the Lagrangian = CEDM (d,) [ref] = possible source of CPV
** 4 operators are observed
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.014020
https://doi.org/10.48550/arXiv.2205.02314

Events / 10 GeV

Data / Fit

Search for CP violation using tt events (lepton+jet)

ACP(Oi) =

/7
L X4

N,

events (Oi > O) _ Nevents (Oi < O)

[ref]

Nevents (Oi > O) + Nevents (Oi < O)I
“» CEDM contribution can be as large as 8 and 0.4% for A-p(03) & Acp(01,)

1=3,6,12, 14.

Data-driven bkg estimation has been done

“» ML fit to data using the m,, distribution

“* A’ is calibrated using the Acp value at the generator level
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* dg is determined from A-p
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* d,g =0.04 £0.10 (stat) £ 0.07 (syst)


https://journals.aps.org/prd/pdf/10.1103/PhysRevD.93.014020

Search for CP violation using tt events (leptonic)

CMS-TOP-18-007

**» Two CP-odd observables are explored, namely O, and O,
which are scalar under the Lorentz transformation

Oy = e(pu Pe, Py+/Pe-) =

O3 = €(Po, Py ot/ Pr—) =

m,, > 20 GeV

K/ K/ K/ K/
A SR X R X IR X 4
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2 leptons with opposite charge, at least 2 jets (1 b-tagged jet)
Three di-leptonic channels (ete-, u*u-, e*u™)

exclude Z mass window for same flavour leptons
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https://doi.org/10.48550/arXiv.2205.07434

Search for CP violation using tt events (leptonic)

/7
L X4

Y/
L X4

ML fit to data using O, and O, = extract the tt x-sec.

O, and O, are stat. correlated (~46%) » measured Aqp

combined using the best linear unbiased estimator method

Asymmetry and uncertainty (x103)

Observable efe~ etu¥ u u~  Combined
Ap, 88+75 06+34 69+£53 24428
Ap, 41£75 —-174+£34 6153 04+£28

< CEDM par. img(d,;) is parametrize with the Asymmetry

A — aIm(dtG) ‘I‘ b

Source
(Domi.)

oper. dig stat. Syst.

O, 0.10 0.12 0.12 CR, UE

O, 0.00 0.12 0.10 CR, UE
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Charged lepton flavour violation in top quark production

< Effective Lagrangian consisting Wilson coefficient of dim-6 > CLFV interaction of the top quark
JHEP 06 (2022) 082

G
£=ﬁsm+£eff=£sm+2ﬁox+'”
X

u,cC
. . u,cC
A =1TeV; Cp2ud =1 for Simulation >
@éf
Analysis combines the search for “eutu”
and “eutc” (generated separately) CLFV @ G T wd‘h?‘%f?".(.‘?fe.‘ﬁ , CMs__  1380(13TeV
. . . . = ¢+ Data s Other El] + Data m Other 3
interaction in top quark production 2 - <. !gﬁf‘ﬁ“‘{’”“” 18 Thet . :gmgemm E
----- eptu-Vector 3 ----- eptu-Vector
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http://dx.doi.org/10.1007/JHEP06(2022)082

Charged lepton flavour violation in top quark production

- 1T CM'S R 188&3 (13T?V) ] w17 cwys R 13811') (13TsV)
, . . 5 K T KR
¢ ML fit has been performed to the BDT discriminants in data = I —y
. . . . . [ Stat. ® syst. 3 [ Stat. @ syst.
simultaneously in signal and control regions = extract signal o0 3 — Vool x 0
Cross-section

XS Upper limit on the WC = 95% (CL,) = limit on the top quark
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Summary

e Latest results from CMS on tests of various asymmetries related to the top
guark sector are summarised

e No significant excess is observed over the SM expectation
e More results are still to come from legacy Run-2 of LHC data in the near future
e The top qualk factory is back on production for LHC Run 3 of data taking

e From cms Run3 results already shown up:

T T T I T T T 1 T T T I T T T [ T T T I T T T
Tevatron combined 1.96 TeV (L < 8.8 fb") o
CMS combined ey, l+jets 5.02 TeV (L = 274302 pb) CMS Preliminary Sep 2022
CMSeu7TeV(L=51b")
CMS I+jets 7 TeV (L = 2.3 1b™)
CMS all-jets 7 TeV (L =354 1b™)
CMSen8TeV (L=19.71b7)
CMS I+jets 8 TeV (L = 19.6 fb™)
CMS all-jets 8 TeV (L = 18.4fb7)
CMSen 13 TeV (L=3591"
CMS all-jets* 13 TeV (L = 2,53 fb)
CMS 1+e/n 13 TeV (L=359fb")
CMS I+jets 13 TeV (L = 137 b
CMS leptons® 13.6 TeV (L=1.21b")

* Preliminary
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CMS Experiment at the LHC, CERN
Data recorded: 2022-Jul-27 18:33:11.804352 GMT
% Run / Event / LS: 356309 / 137565256 / 156 ) )
tt production cross section :
887+43_, (stat+syst) £ 53 (lumi) pb
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Charge asymmetry in tt with highly Lorentz-boosted top quarks

&

AKS8 Top/W tagging

m,, (GeV/c?)

» Jets from a hadronic boosted top quark (W boson), will
have three (two) groups of clusters where the jet
energy is concentrated. These structures correspond
to the quarks from the decay.

Sub-structure techniques are applied to large footprint 100
jets to identify top quarks:

Jet mass near to the top (W) mass
Compatibility of a large radius jet having 3 (2

subjets)

Currently using these working points

mSD 73 = 73/,

Toptagging | 105 <m_jet<220 < 0.65

mSD 7y = /7

W tagging 65 < m_jet < 105 < 0.45

mSD cut keeps Top tagging and W tagging exclusive

Top Tagging ™ = - 0.16
CMS Simulation 0.12 s

< 0.14
0.12

0.1

0.04

Veto on events with more than one Top/W tagged jet
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https://indico.cern.ch/event/1131803/contributions/4766738/attachments/2402351/4116823/Approval_03_11_22.pdf

Charge asymmetry in tt with highly Lorentz-boosted top quarks

cMms
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By and e
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2D (u + Jets)

ST rate

2D (e + jets)
Muon 1D

b tag

PDF

Electron HLT
Electron 1D
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QCD multijet rate

JER

it rate

Muon HLT
Integrated luminosty
DY rate

Electron reco

t & W mistag

Muon reco

o

138 1 (13 TeV)

Table 2: Measured unfolded charge asymmetry in the fiducial phase space (upper rows) and
the full phase space (lower rows) shown for individual channels compared with the theoretical
prediction from MC. Results are shown for events with M;; > 750 GeV and for two invariant
mass ranges, 750-900 and >900 GeV. The statistical (stat) and systematic (syst) uncertainties
in the data, the MC statistical uncertainty (MC stat), and the total uncertainty in the measured
values (Total) are also shown. All values are in percent.

i -

-0.2

01 0 041 02
Impact on Ac (%)

Mz (GeV) Ac (%)

Measured  Stat Syst MCstat Total Theory
Fiducial phase space (Afid)
> 750 022  +044 T +032 T8 072704
750900 | 039 0 0T gm 0m o060 07
> 900 1.18 +058 9% +o41 M990 083108
Full phase space (A¢)

> 750 069 044 0P 1032 L 09400
0.29 0.45 0.84 0.06
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Figure 4: The %1 standard deviation (¢) impacts of the nuisance parameters corresponding to
the systematic uncertainties in the full phase space A measurement for M; > 750 GeV. The
red and blue bars show the effect on the unfolded A¢ values for up and down variations of the
systematic uncertainty. The MC statistical uncertainties are omitted here.
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Table 5: The sources and values of the systematic uncertainties in App for each of the CP ob- - -
servables in percent, averaged over the two lepton-flavor channels. The experimental sources e ar‘ O r VI O a I O I I
are listed first and then the theoretical ones.

Systematic sources Afp (%)

L} _ L]
R ———— using tt events (lepton+jet
Pil 0.0008 00003 +0.0023  +0.0040
cup +0.0010 +0.0007 —0.0017 —0.0044
b tagging scale factor +0.0002 400001 <0.0001 <0.0001
(b and ¢ quarks) —0.0002 00003 =20.0001  —0.0002
b tagging scale factor —0.0003  —0.0003 0.0009 0.0007

(light-flavor quarks and gluons) +0.000¢  <0.0001 40.0007 +0.0005
—0.0002 —0.0001 —0.0001 —0.0004

Lepton efficiencies +00002 —0.0001 <0.0001 +0.0001
olui —00028 —00069 —0.0024 —0.0070
Jet energy resolution 00029 100032 —0.0021 +H0.0026

Table 7: The measured Acp and corresponding d,g values for each of the CP observables using
00051 —0.0046 —0.0046 —0.0062

Jet energy scale _00018 400065 +0.0011 +0.0041 the SM simulation predictions for the dilution factor D in the combined lepton+jets channel.
Background template 100061 400050 400139 $0.0016 The first uncertainty is statistical and the second is systematic.
PDF FO.000S 00008 o008 HD.0003 CP observable Acp (%) dic
QCD renormalization +0.0008 +0.0008 +0.0013 +0.0007 O3 —0.104+0204+0.14 +0.04 +0.11 +0.07
and factorization +0.0012  —0.0002 —0.0033 —0.0004 -
il siate 400006 —0.0005 +0.0017 +0.0024 Og —-030+£021+0.16 +0.254+0.20+0.15
_D radiation 0.0004  +0.0004  —0.0015 0.0021
Finalstate 00001 00215 400053 00129 O1n +0.124+0.13+£0.07 +0.45+0.47 +0.27
QD radiation 00008 +0.0122 - —0.0017 +0.0060 Owu —0.294+0.16 £0.14 —0.81 4+ 0.48 +0.44
. B —00162 +00186 +0.0091 +0.0384
Color reconnection =0.0001 00206 00464  10.0304

0.0235 0.0043 0.0185 +0.0352
+0.0399  +0.0177 +0.0139 +0.0376

—0.0515 —0.0576 —0.0082 +0.0116

ME-PS matching

Underlying event —00099 +0.0355 +0.0218 +0.0424
- o —00017 —0.0007 —0.0033 —0.0105
AVOT Tesponse —0.0024 00024 00004 0.0070
Top quark +0.0049 400152 +0.0119 0.0082
mass variation —00179 —00118 —0.0097 —0.0046
i oluti —00027 —0.0022 +0.0023 —0.0005
Per-event resolution 00004 00040 00014  +0.0048
W +HF fraction 00174 —00132 —0.0102 —0.0098
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No top quark py

reweighting —=0.0008 —0.0005 <0.0001 <0.0001



