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Heaviest known elementary particle
(m,~ 172 GeV) > largest coupling
to the Higgs boson

Discovered 27 years ago at
TeVatron, Fermilab, USA

Sensitive to stability of EW vacuum

Decays almost exclusively to bW
pair

Unique behavior:

Tdecay (£107°° S) < Thad (8107%* 5) >
access to bare guark properties via
Its daughters

The top quark
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M+ and EWSB
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https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1140/epjc/s10052-018-6131-3
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My conundrum

* Life becoming difficult at EW sector with the new comb. 2tlenee 570, it 2022,

my, = 80433.5 + 6.4(stat) & 6.9(syst)MeV
CDF measurement of myy . — 80433.5 + 9.41\1/!)3eV
> 6.80 deviation from prediction (Blue Band) A X o507 48 D[ PO
* SM predictions consistent with LEP + LHC . 50 P+ =37 % . Ps=79%
measurements o Pre=98% 5 Pre=76%
* Using m: from CMS-PAS-TOP-20-008 the ; 3,
deviation is even larger ( ) z g
* PDFs are key inputs > need to resolve differences
and harmonize PDF+generators usage In different S B e e
measurements before combination A m, (GeV) | m; (GeV)
< 9 T SM it wio My, measurements . = 30 S, 80.5 — Fit w/o M,, and m, measurements - T:ofﬁzéif“’” —
B gl
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S E R " A =
L 1 A 20 80.35 [ i, como + ’ ’ =
3 ;_ _; E M,, = 80.369 + 0.016 GeV | y E
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https://doi.org/10.22323/1.414.0897
https://doi.org/10.1126/science.abk1781
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New resonance such as VLQ

with m < E; y- decaying to top
quarks

W Z

Accessible at LHC

1"Q"'. l‘
f/ b

Can attempt for a direct search

ATLAS-CONF-2022-036

Dependent on the new physics

mOdel o) LI L L L L L L L L L L
:E 10°E ATLASPreliminary ~ — Theory (NLO =

,]\ E V\s=13TeV, 139" === 95% C.L. Exp. Limit E

— 4L SingleT Producion — 95% C.L. Obs. Limit "~

1 = (=05, singlet 95% C.L. Exp. t1c 3

. . u 95% C.L. Exp. +2¢ _

New search from ATLAS in the mono-top final state % [ enmoz-02s 5% C.L. Exp -
107 E

Benchmark scenario: kr = 0.5 and BR (T—tZ)= 25% oL b
mt > 2.2 TeV @ 95% CL (Gain by 500 GeV !) e .
10001200 1400 1600 1800 2000 2200 2400 2600 2800

5 m. [GeV


https://cds.cern.ch/record/2815281

ETP) Top portal to new physics - indirect search strategy ~NKIT
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New physics scale out of range A > E; g

oD
Expand SM: Leff = Loy + D, /C\l — (D = 6 so far)
l

D

. Wilson coefficients ¢; modify SM vertices

> Deviations from SM In precision measurements

Independent of new physics model

. In the top sector, EFT effects visible in various final
states: tt, ttV,ttqq,tZq etc.

. Two ways of using EFT: This _talk primarily focuss_es
on this approach for probing
> Re-parametrization of cross section measurements physics beyond the SM

= Dedicated estimation of EFT couplings
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LHC - The top Factory

_ Fermilab SSC
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. Top gquarks are produced In abundance at the LHC

10

¢ (proton - proton)

- Dominant production modes:

Events /sec for £ = 1034c:m'2 sec:'1

10

> Pair production via QCD Iinteractions ~ 10 Hz @13 TeV

-3

> Single top quark production via EW Interactions ~ 1 Hz @13TeV

10

This talk focuses mostly on the cherry-picked results from the latest measurements | [ /|
0.001 0.01 0.1 1.0 10 100

7 /s TeV




. Theoretical uncertainties due to variations in Ur & U scales,

PDF and aq

- Most precise (2.4%) Inclusive 0,7 meas. (EPJC 80 (2020)

tt production

PP PP PP PP RD = 85% (PP,13 TeV) ===-==-=nmmmmnmnnny
g t g t
g f 9 DUOOD t
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO

528) In events with OS ey pair + 1 or 2 b-tagged |jets

oy = 826.4 + 3.6 (stat)

+ 11.5 (syst) + 15.7 (lumi) T

1.9 (beam) pb

. Dominant systematics:

> Luminosity(1.9%)
> tW bkg. cross-section (0.52%)
> hadronization model (0.49%)

> PDF (0.45%)

~ ISR/FSR model (0.45%)
0z = 887743 (stat + syst) +

CMS-

<>

53(lumi)pb@13.6TeV

PAS-TOP-22-012 8

Inclusive tt cross section [pb]
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\s — (NNLO + NNLL)
7TeV | 177.3%105pb(6.6%)
8 TeV | 252.971>3pb(6.2%)
13 TeV| 831.8%133pb(5.7%)

P ODPOe<{HAOEAOE OO —

Tevatron combined 1.96 TeV (L < 8.8 fb’ )
ATLAS combined dilepton, I+jets* 5.02 TeV (L = 257 Pb
CMS combined ey, |+jets 5 q2 TeV (L=27.4-302 pb™)
ATLAS ep 7 TeV (L = 4@
(I_:IQIACS " bTe\é (L 75'If'bV(L 5fb b

combined* eu 7 Te
ATUAS ey 8 TeV (L = 202 fb) HHGIopWG
bt LB o

combined” e e
ATLAS 0 15 Tt (L~ 198 1) ) Lrctopwa
CMS ep 13 TeV (L=35.91b")
CMS t+e/u 13 TeV (L =35.9 b )
ATLAS I+gets 13 TeV (L = 139 fp
CMS l+jets 13 TeV L 137 fb°
CMS all-jets* 13 TeV L =253 b
ATLAS all-jets 13 TeV (L = 36.1 fb )

* Preliminary

CMS dilepton,l+jets* 13.6 TeV (L=1.2fb b
900f -
X A {—
o DI =
Lo NNLO+NNLL : 1 _
+ (Pp) 0 17

" NNLO+NNLL (pp)

ATLAS+CMS Preliminary _
LHCIOpWG  November 2022 =

) ] 13 s [TeV]
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

NNPDF3.0,m = 172.5 GeV, a,(M,) = 0.118 + 0.001 =
| ] | | | | ] | | ] | | | ]
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LHCTOPWGSummaryPlots



https://arxiv.org/abs/1910.08819
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html

ETP) tt asymmetry at LHC

Institut fur Experimentelle Teilchenphysik

. Production of top quark pairs charge symmetric at LO 1 3
. No charge asymmetry in gg > tt at all orders = dilutes >WW< M
®

measurable asymmetry ®

. Small charge asymmetry at NLO due to QCD qgq

annihilation allowed in SM T
: : tric QCD tric BSM

> Interference between tree and box diagram S } e—
> Interference between gluon ISR and FSR diagrams t
. LHC, a pp collider > no preferential direction for the

Incoming (anti-) partons 0

9 )P v - q arxXiv:1207.0331

. High momenta valence quarks collide with lower momenta { LHC

sea anti-quarks > More forward top quarks & more central
anti-top quarks leading to charge asymmetry (Ac) :

_NQ@Alyl>0) - N@Alyl <0)
N(Aly| > 0) + N(Aly| <0)

ldn:.:"_.'ld}"

Ac Aly| = |yel — |ygl

. New Physics models can enhance A. > Indirect search for new physics | = ! , : 1
9 y


http://arxiv.org/abs/arXiv:1207.0331

tt charge asymmetry with boosted tops

CMS-TOP-21-014

. . . . x10° 138 fb' (13 TeV)
- Final state consists of 1¢ (e, 1), 1 AK8 jet, 1 b-tagged jet (AK4) £ -
L%J 120:
. Event categories based on the boosted jet tagging 100
80
. . . . 60
- Measurement performed inclusively as well as in bins of Mt; =
40
1750,900|or > 900GeV o0
: : : : 1.05
. Bkg. rate is determined directly from the fit s A
| | o %0952 45 -1 05 0 | 2
. Inclusive measurement agrees well with SM prediction O yi= 5y
. 138 fb' (13 Tevg
. Dominant sources: iz scale, PDF etc. 0.06F CMS b Measured A;
0.05F \ . -
004k X\\\ Predicted A
partially merged, ., 0.03F E
un-merged boosted W < 0.02F ' E
| 9 0.013\\\\\\“ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 3
OF E
| -0.01; E
—0.0272755 750900 > 900

10



https://arxiv.org/abs/2208.02751
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BSM /SM Data/ MC

CMS

138 fb' (13 TeV)

- 1u, >4 jets (2 b jets)

% + Data . tt (lepton+jets) . it (dilepton+jets)
% | 'W+jets .\,rv
Wlov  —o-+3
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10°
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BSM /SM Data / MC
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3
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CMS

138 fb' (13 TeV)

Events / 0.04 GeV

E 1 L, = 4 jets (2 b jets)

+ Data .tf(lepton+jets} .ti (dilepton+jets)

. Single t

i | Stat ® Syst

Events / 0.04 GeV

BSM / SM Data / MC

-08 06 04 02 0 02 04 06 08 1
3
0,,/m [GeV]

SM / SM Data / MC

Search for CP violation in tt lepton + jets events
- BSM interaction modifies tg coupling

WTF[—T_WWWWTFI_T_ITFH'K’]_T_]_“ITTTW]_‘I_I_ITWH[_

QMS 138 fb' (13 TeV)
F1p, >4 jets (2 bjets) O,
10°
+ Data . tt (lepton+jets) . tt (dilepton+jets)
107 J Wjets . vV . Single t
. . DY —d 6= +3

ii._g_._i_._-"_.‘i'i;;._f._._-_._.

0.8[— Tdg=-3 "dg=+3

1 -08 06 04 02 0 02 04 06 08 1

O,/ m’[GeV]

CMS 138 fb" (13 TeV)
- 1p, =4 jets (2 b jets) O,,
10%
- + Data . tt (lepton+jets) . tt (dilepton+jets)
ok W wijets [Jvv W sige:
- .Dy —d,=+3 Stat @ Syst
108
10°
10%E
10°
1.5
Tesssabeassn L LT T T e vae,e
0.5

0,,/ m’ [GeV]
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= invokes Chromo-electric-dipole-moment (CEDM) d ¢ [ref]

== pOssible source of CP violation In strong interaction

. Followina Dim-6 operators are considered

O3 = Qre(pv, Pp, Per Pj,) & QuePp - (Fr X Pj)),
Op = Qee(P, Po — P/ Pes Pj,) & Qe(Po — Pp) - (Pe X Py, ).
O12 =q-(po — P5)eP, 4, Pv, P5) < (Po — Pp)z - (Pb X Pg )z

—

O =€(P, pp + P, Pes Pj,) < (P + P5) - (Pe X Pj,)-

Nevents(oi > 0) B Nevents(oi < 0
Nevents(oi > 0) T Nevents(oi < 0)

e

Acp(0;) = i=23 6, 12, 14.

. CEDM contribution can be ~ 8% & 0.4% for A-p(03) &

ACP (012) CMS-TOP-20-005

11



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.014020
https://doi.org/10.48550/arXiv.2205.02314

2 2

My — M, My — My
J) + J)

o Ow

Hadronic top quark reco. based on min. y?

Data-driven bkg. estimation
ML fit to data using the mp; template

Measured Ap calibrated w.r.t Acp at truth level

dt(;+a

d.~ determined from A, p : A p =
tG CP - 22CP ™ paZ.+cdeg+d

d:c = 0.04 + 0.10(stat) + 0.07(syst)

& consistent with SM prediction d;; = 0

A'cp [7]

Search for CP violation in tt lepton + jets events
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CMS-TOP-20-005

«10° CMS 138 fb™" (13 TeV)
%; 100 1e,24jets (2 b jets)
O
© 100 ¢+ Data
E 80 -Flttedtt
c Fitted background
g‘) 60— EHEE
T i Stat @ MC syst
40 MC syst
20
O L1
= 12F
-S 1 ......;.;.,.,.......... ...... saesse 0% q0te .e® n‘....q..h.*‘.;. ¢+¢+++++
= 0.8, . . . . . . . .
g 0O 50 100 150 200 250 300 350 400 450 500
Mg, [GeV]
CMS 138 b (13 TeV)
-1 e/u, >4 jets (2 b jets)
1:— ’]_i A'.p in e+jets i A'cs in u+jets
- & A inlepton+jets & A, in lepton+jets (8 TeV)
0.5
i + )l
oMy | it by 0l
- g }
_ tt ] ;
—0.5_—
_1_

—
N

Data / Fit

Measured asymmetry [%]

10> CMS 138 fb™' (13 TeV)
% 200 Tu,=>4jets (2bjets)
Q)
o ¢+ Data
= 150— [ Fitted ff
T Fitted background
g’ 100— TR
] i Stat @ MC syst

MC syst
50

1 ...+..... 990000000000 g®sge®ee®? a...f.l.'.‘...!.'...!.i@ '*ﬁ‘*+++

0.8t

0 50 100 150 200 250 300 350 400 450 500
m,, [GeV]

CMS Simulation
20
O12
1 e/u,>4 jets (2 b jets)

13 TeV

15

10

5 0 5
Pseudo-asymmetry in O12 (%]


https://doi.org/10.48550/arXiv.2205.02314

Events / bin

Data / Pred.

- Measured: 0,3, = 175.2 £ 2.5(stat) +
> Dominant sources: Luminosity, signal model, bkg. normalization

38000

6000

4000

2000

—-
—a O

=
o

=
n

Inclusive and differential tty cross section - 24

- NLO prediction: o, = 155 £ 27fb[pr(y) > 20GeV |n(y)| < 1.442]

. Exactly 1 y, exactly 2 OS ¢, 2 1 b-tagged jet in the final state
> Bkgs.: Non-prompt y (data-driven), Zy (from Z peak), others from simulation

. Differential measurements used to extract combined (2¢ & ¢ + jets ) limits on EFT coupling Ciz

CMS

Illllllo

138 fb ' (13 TeV)
¢ Data [ Other+y
tty B Nonprompt vy
B 4 Syst. uncertainty
ty

| T/
L -
- 2. 2 o E
= =
— eu ee T

JHEP 05 (2022) 091

|

6.3(syst)fb(4%)

CMS

ol 2

c <

138 fb™1 (13 TeV)

8 b~ (13 TeV)
I Observetlzl

— MG5+PYTHIAS

Theory unc.
v?/dof=7.3/6 —

0.6

~ Dilepton & {+jets combination

clz [(NTeV)3
o4

do/dp(y) [fo/GeV]
| .0'2. |

0

-0.6 -04 -0.2

| @ Best fit

- -68% CL ]

— 95% CL -

S N
0.4 0.6

E R e
Cyy [(A/TeV)?

Pred. / Obs.

pr(v) [GeV]
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https://doi.org/10.1007/JHEP05(2022)091

Production of 4 tops (tttt)

AT
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EWK Four-fermion EFT coupling SUSY

t

‘0000000 ) t 9

- Prediction: 0 = 12fb + 20% JHEP 02 (2018) 031

- FInal state consists of 4 b-jets, other jets and leptons

1€ or 2¢ (OS) SSML: 2£(SS) or 2 3¢

s

Topology | Branching ratio
0/ 31%
1/ 42%
2((0S) 14%
20 (SS) 7%
> 3/ 9%

Combined BR ~ 57%

Combined BR ~13%

Dominant tt + HF bkg.

Dominant tt V bkg

Negligible fake or non-prompt ¢

Fake or non-prompt £ significant

14

. Extensive use of MVA techniques to

extract signal in both types of final states

. SSML: limits on top-Yukawa coupling

- 1£/2¢0S . EFT Interpretation with limits on

Wilson coefficients


https://doi.org/10.1007/JHEP02(2018)031

Ottt (fb)

CMS 137 fb~! (13 TeV)

| cex Observed upper limit :’f
50'_ —— QObserved cross section /

| === Predicted cross section ;’

/

| /
401  EPJC 80 (2020) 75 /

4 III

| /

| /
30 /

20- G2,

10- __5\

Production of 4 tops (tttt)

JHEP 11 (2019) 082

AT
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Operator Expected C,/A? (TeV~*) Observed (TeV )

1
Ott

1
OQQ

1

8
OOt

. First time the all-hadronic channel is used In 4 top searches!
. Fitto BDT score for signal / multijet separation

. Event categories of based on resolved / boosted top candidates and H+

. Data-driven estimation of multijet / tt+jets backgrounds

15

—2.0,1.9 (—2.2,2.1
—2.0,1.9] —2.2,2.0]
—3.4,3.3 —3.7,3.5
—7.4,6.3 —8.0,6.8
CMS Preliminary 138 fb-1 (13 TeV)
-
"= -ttH+ltV
E 300 minor NRT: 1: NBTZ 1
3 aco«t(op) | Hr > 1400 GeV
R CMS-PAS-TOP-21-005
200_
.. =
= |
50 [— i
C -
O E +
© RIS
©
O 15— ,
s — e
+— = —+—
5 s i g N
©
O
= 05
e 0 0.12 : ' 0.14 0}6 0%8 ’ 1 1

BDT discriminant


http://dx.doi.org/10.1140/epjc/s10052-019-7593-7
https://cds.cern.ch/record/2827591
http://dx.doi.org/10.1007/JHEP11(2019)082

Production of 4 tops (tttt) AT
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CMS Preliminary 138 fb~1 (13 TeV)
~ ATLAS+CMS Preliminary Run 2, s = 13 TeV, November 2022
- 7 1.20 777} Expected LHCIopWG
1.40 Bl Observed . 0y =12.0 5 (scale) fo ——t—
JHEP 02 (2018) 031 tot. stat.
NLO QCD+EW
Y
08 / . o, *tot. (stat. xsyst.) Obs. (Exp.) Sig.
DL -1 :
ATLAS, 2LSS/3L, 139 fb V7 uE
1.40 EPJC 80 (2020) 1085 H——H 2470(5 ) 43(24) 0
ATLAS, 1L/2LOS, 139 b N . A7 (o +
% 0.4G JHEP 11 (2021) 118 B — ! 26 117 (8 _12 ) b 1.9(1.0)0
All-hadronic ATLAS, comb., 139 fb"!
2.50 JHEP 11 (2021) 118 : 24" (4 ti ) fb 4.7 (2.6) o
CMS, 2LSS/3L, 137 fb
2 7q EPJC 80 (2020) 75 H—a—i 12.6 2> fb 2.6 (2.7) o
SSDL&ML ' :
arXiv:1908.06463 CMS, 1L/2LOS, 35.8 fb” : +20
11908. 2.60 JHEP 11 (2018) 082 —— 0% fb 0.0(0.4) o
CMS, 1L/2LOS/all-had, 138 fb™ : R
CMS-PAS-TOP-21-005 * = 1 3871 fb 3.7(1.5) o
Combined :
result CMS, comb., 138 fb™’ : .5
3.90 CMS-PAS-TOP-21-005 * —— 17 2 fb 3.9(3.2) o
| | | | *Preliminary | | | | | |
0 1 2 3 4 S 0 20 20 60 80 100 120
Expected and observed significance of ttit o [fo]
tttt
CMS-PAS-TOP-21-005 LHCTOPWGSummaryPlots
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://cds.cern.ch/record/2827591
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Lepton flavor umversallty using tt events

.................................................. st s
E 106 - ATLAS ¢ Data 1 E . ?_TLAS ¢ Data
< = {s=13TeV, 139 fo" [JPrompt u (top) ERD= s=13TeV, 139 fo" [JPrompt w (top)
R T — B W — TV B W — V 2 5: Signal Region Bt — u(top) - % 5 Signal Region Bt - u(top)
( / 'Ll) ( )/ ( 'Ll ) o % 104 c:);psti-iﬁ<pi<250 GeV %;(_h)af;on decay) E E 124 E;;L{_ii(?[<pi<250 GeV %;(_h)aSLOH decay) E
- Previous LEP result 2.7¢ away from SM prediction 10 I Other SM processes = WZ - -
B 10° 7~ Uncertainty _; 10° ] Other SM processes -
. Measurement in tt dilepton events using Tag&Probe o - - ~ Uncertainty -
> tight e/u , check second u / . : o
. Impact parameter ( d, ) discriminant S o8 8 1.05
: o 1 Q;/#//-//t//-/////yz////f////yz//////// e M 1 ”‘f e lecidclaciudbdiiaccatdle
low d, : Likely W > y I A S 0 el
h|gh d . L|ke|y W > T > IJ 0 “0 0.05 0.1 0.15 0.2 0.25 0.3 035 0.4 045 05 O : : : : : : : : u :
0 d | (mm] d | [mm]
. . | | | | | | | | | | | | | | | | | | | | | | | | | | | |
. d, calibrated using Z > p ATLAS —=— LEP (Phys.Rept. 532 119)
. . ATLAS - this result
i -1 . :
- Most Precise result : Unc. dominated by syst. /s =13 TeV. 139 fb Statistical Uncertainty
b 5 Systematic Uncertainty
R(T/,Ll) = 0.992 + 0007(Stat) + OOll(SYSt) = 0.992 + 0.013 —e— Total Uncertainty
. Dominant syst. sources -
> d, template modelling E
> U I1solation and reconstruction _—
NP 17, 813-818 (2021) L B S -

104 1.06 1.08 1.1
t/wW)=B(W-—->1v)/B(W-—-uv)

O_
®_
OoL
—
—
O_
E-'i ol
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https://doi.org/10.1038/s41567-021-01236-w
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Electroweak production

tW (~ 24% at LHC) s-channel (~ 3% at LHC)

T 4Fs b b 5FS t g

LHCIopWG
® CMS JHEP12(2012)035, JHEP 06 (2014)090, PLB8OO (2019) 135042
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BSM scenario 1
Only partial widths altered (keeping

total width fixed) Dbecause of
modified CKM matrix elements

V.| = 0.988 + 0.051

Veq|? + |Ve|? = 0.06 £+ 0.06
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BSM scenario 2
Partial widths unchanged, but the
total width Increases due to BSM
decays
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. Separate meas. of top quark and
antiquark masses based on the
charge of the lepton

10° 35.9 fb" (13 TeV)

C I I T

fe - CMS ¢ Data B t-ch.
% L 201T tf, tW, s-ch. ]V + jets, VV |
§ 20" BDT>08 QCD Stat @ syst
LLJ i » T
X 4

= 0 |
Sl 1.2 s l _
e W | PRGN

| ] 0 1~
lepton charg€ ~ .

. Optimized selection threshold on BDT
discriminants to select event sample
with high (= 60 %) signal purity

. MLfitto { = ln(
templates to extract mass

) using analytic

Data — Fit Events / 0.09

q
¢+ Events/ 0.09

4

Data - Fit

A0 .35'.9 fp“ (13 TeV)

N _

- CMS ¢ Data (QCD subtr.) |

C I, 201T i :

3l - t-ch. -
tt, tW, s-ch.

BV +jets, vV

-5 L i
9.5

C

103 |35.9 fb:‘ (1.3 T'eV)

5 - CMS ¢ Data (QCD subtr.) 1
-, 21T Bl t-ch

15k tt, tW, s-ch. :

PV +jets, VV

Test of CPT Iinvariance in single top events
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LHC = top quark Factory = precision lab for studying
top quark production and properties = portal to new
physics beyond SM

Most measurements agree with SM prediction within
uncertainties

Provides good understanding of the various modeling
aspects such as PDF, PS, UE and CR etc.

Stringent limits on couplings are placed with EFT
Interpretation using Run2 data

Rare processes involving top quarks waiting to be
fully exploited during Run3 and HL-LHC

More information : ATLAS Top Public Results , CMS Top

Public Results, LHC Top WG

Summary

R

CMS Experiment at the LHC, CERN
Data recorded; 2022-Jul-27 18:33:11.804352 GMT
Run/ Event / LS: 356309 / 137565256 / 156
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Inclusive and differential tt y cross section - £ + jets ﬂ("'
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Uncertainty [%)]

Fxperimental

Theoretical

Background

Source Correlation Prefit range  Postfit
Integrated luminosity ~ 1.3-3.2 1.7
JHEP 05 (2022) 091
Pileup v 0.1-1.4 0.7
Trigger efficiency ¥ 0.6-1.7 0.6
Electron selection efficiency ~ 1.0-1.3 1.0
Muon selection efficiency ~ 0.3-0.5 0.5 CMS 138 fb 1 (13 TeV)
Photon selection efficiency ~ 0.4-3.6 1.1 L L L L A L
m Measurement == Stat. unc. — Stat.+syst. unc.
Electron & photon energy v 0.0-1.1 0.1 MGEPYTHIAS Theory unc
Jet energy scale ~ 0.1-1.3 0.5 — ‘ —
Jet energy resolution v 0.0-0.6 <0.1 Combined 1752 + 2.5 (stat) = 6.3 (syst) -
b tagging efficiency ~ 0.9-1.4 1.1
L1 prefiring v 0.0-0.8 0.3 . -
Values of up and i p 033 K r K 175.6 + 3.1 (stat) = 6.4 (syst)
PDF choice v 0.3-4.5 0.3
+ —
PS modelling: ISR & FSR scale v 0.3-3.5 1.3 ce 179.4 + 6.3 (stat) = 9.8 (syst) T
PS modelling: colour reconnection v 0.0-8.4 0.2 | _
PS modelling: b fragmentation v 0.0-2.2 0.7 +11—
H™H 174.3 + 5.6 (stat) + 7.9 (syst B
Underlying-event tune v 0.5 0.5 I B | (stat) = | (sys ]l | | |
I 1 1 I 1 L i i [ L i [ i L
Zy correction & normalization v 0.0-0.2 0.1 60 80 100 120 140 160 180
ty normalization v 0.0-0.9 0.8 ﬂggucial [fb]
Other+y normalization v 0.3-1.0 0.8
Nonprompt ¥y normalization v 0.0-1.8 0.7
Size of background samples ¥ 1.5-7.6 0.9
Total systematic uncertainty 3.6
Statistical uncertainty 1.4

Total uncertainty 3.9
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Source om;+ omj+ om;-
Statistical +0.19 +0.23 +0.33
Statistical + profiled systematic +0.32 +0.37 +0.58
Correlation group intercalibration +0.09 +0.07 +0.12
JES Correlation group MPFInSitu +0.02 +0.02 +0.01
Correlation group uncorrelated +0.39 +0.17 +0.83
Total (quadrature sum) +0.40 +0.18 +0.84
JER <0.01 <0.01 <0.01
Unclustered energy <0.01 <0.01 <0.01
Muon efficiencies <0.01 <0.01 <0.01
Electron efficiencies +0.01 +0.01 +0.01
Pileup +0.14 +0.04 +0.34
b tagging +0.20 +0.18 +0.22
QCD multijet background +0.02 +0.01 +0.02
Mass calibration +0.11 +0.13 +0.20
Int. luminosity <0.01 <0.01 +0.01
CR model and ERD +0.24 (0.017) +£0.39 (0.027) =40.68 (0.048)
Gluon +0.52 +0.75 —0.03
Light quark (uds) —0.18 +0.18 —0.23
Flavor-dependent JES Charm +0.01 +0.08 +0.11
Bottom —0.48 —0.29 —0.31
Total (linear sum) —0.13 +0.72 —0.46
b frag. Bowler—-Lund +0.03 +0.06 +0.08
. b frag. Peterson +0.14 +0.11 +0.19
b quark hadronization model Semileptoni% b hadron decays +0.18 +0.17 +0.19
Total (quadrature sum) +0.23 —-0.18 +0.21 —-0.18 +0.28 —0.21
ISR +0.01 +0.01 <0.01
FSR +0.28 +0.31 +0.20
Signal modeling ur and up scales +0.09 +0.13 +0.03
PDF+ag +0.06 +0.06 +0.07
Total (quadrature sum) +0.30 +0.34 +0.21
ISR +0.11 (0.008) +£0.02 (0.001) =+£0.22 (0.016)
FSR +0.10 (0.007) +0.14 (0.010) 0.40 (0.028)
ME-PS matching scale +0.10 (0.007) +£0.10 (0.006) =40.10 (0.008)
. : ur and ug scales +0.03 +0.03 +0.01
tt modeling PDF+4; <0.01 <0.01 <0.01
Top quark pr reweighting —0.04 —0.08 —0.04
UE +0.07 (0.005) +0.04 (0.003) +£0.17 (0.012)
Total (quadrature sum) +0.20 +0.18 —0.20 +0.50
Signal shape +0.05 +0.03 +0.04
Parametric shapes tt bkg. shape +0.07 +0.04 +0.05
EW bkg. shape +0.03 +0.01 +0.02
Total (quadrature sum) +0.09 +0.05 +0.07
Total externalized systematic +0.69 —-0.71 4097 —-0.65 +1.32 —1.39
Grand total +0.76 —0.77 +1.04 —0.75 +1.44 —-1.51

NP 17, 813-818 (2021)

Source Impact on R(7/u)
Prompt dfj templates 0.0038
U (prompry and p(r—,,) parton shower variations 0.0036
Muon isolation efficiency 0.0033
Muon identification and reconstruction 0.0030
M(had,) normalisation 0.0028
tt scale and matching variations 0.0027
Top pr spectum variation 0.0026
M(had.) Parton shower variations 0.0021
Monte Carlo statistics 0.0018
Pile-up 0.0017
H(z—p) and f(paa.) d‘g shape 0.0017
Other detector systematic uncertainties 0.0016
Z+jet normalisation 0.0009
Other sources 0.0004
B(t — uvevy) 0.0023
Total systematic uncertainty 0.0109
Data statistics 0.0072
Total 0.013
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CMS-TOP-20-005

Systematic sources Acp (%)
O3 Osg O12 O14
Dil —0.0008 —0.0003 +0.0023 +0.0040
_neup +0.0010 +0.0007 —0.0017 —0.0044
b tagging scale factor +0.0002 +0.0001 <0.0001 <0.0001
—0.0002 —0.0003 <0.0001 —0.0002
b (32 S A or —0.0003 —0.0003 —0.0009 —0.0007
licht-fl ] +0.0004 <0.0001 -+0.0007 -+0.0005
(hight Lav‘f qu?;k§ and gluons) — TEobs  S00001 ~0.0001  —0.0004
cpton eticiencles +0.0002 —0.0001 <0.0001 -0.0001
t [t —0.0028 —0.0069 —0.0024 —0.0070
Jet energy resolution —0.0029 +0.0032 —0.0021 +0.0026
t | —0.0061 —0.0046 —0.0046 —0.0062
Jet energy scale —0.0018 +0.0065 ~+0.0011 +0.0041
Background template +0.0061 +0.0050 +0.0139 +0.0016
PDF +0.0008 —0.0008 -+0.0003 -+0.0003
o —0.0008 +0.0006 —0.0004 —0.0006
QCD renormalization +0.0008 4-0.0008 +0.0013 +-0.0007
and factorization +0.0012 —0.0002 —0.0033 —0.0004
Initial-state +0.0006 —0.0005 -+0.0017 +0.0024
QCD radiation —0.0004 +0.0004 —0.0015 —0.0021
Final-state —0.0001 —0.0215 +0.0053 —0.0129
QCD radiation —0.0008 +0.0122 —0.0017 +0.0060
Col t. —0.0162 +0.0186 +0.0091 +0.0384
OlOT reconnection <0.0001 —0.0206 —0.0464 -+0.0304
ME-PS match ~0.0235 —0.0043 —0.0185 -+0.0352
matciung +0.0399 +0.0177 +0.0139 +0.0376
Underlv t —0.0515 —0.0576 —0.0082 -+0.0116
hderlying even —0.0099 +0.0355 +0.0218 +0.0424
- —0.0017 —0.0007 —0.0033 —0.0105
avor IESpOnse —0.0024 +0.0024 —0.0004 -+0.0070
Top quark +0.0049 +40.0152 +0.0119 +0.0082
iati —0.0179 —0.0118 —0.0097 —0.0046
b Hass ‘;aﬂa 10? —0.0027 —0.0022 +0.0023 —0.0005
CI-cvent resoiution —0.0004 —+0.0040 +0.0014 —+0.0048
—0.0174 —0.0132 —0.0102 —0.0098

W+HEF fraction

CP observable Acp (%) diq
O3 —0.10£0.20£0.14 +0.04 £0.11 =0.07
Og —0.30x0.21 =0.16 +0.25=x=0.20=0.15
O1r +0.12 = 0.13 = 0.07 +40.45+0.47 =0.27
O14 —0.29+0.16 =0.14 —0.81 £0.48 =0.44
Science 376, 170 (2022)
Source Uncertainty (MeV)
Lepton energy scale 30 ...
Lepton energy resolution 12
Recoil energy scale 12
Recoll energy resolution 18 ..
Lepton efficency 04 ..
eptonremoval L2 .
Backgrounds . 33
prmodel 18 ...
pr./pr.model 13
Parton distributions ... 39
QED radiation 27
W boson statistics .. 64 ..
Total 9.4
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Muon ID

b tag
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Electron HLT
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+10 Impact -1o0 Impact

0.2

01 0

01

Impact on Ac (%)

0.2

Treatment Uncertainty Aost, /0 (%)
Lepton trigger and reconstruction 0.50
Limited size of simulated event samples 3.13
tt modelling 0.66
Pileup 0.35
. QCD background normalisation 0.08
Profiled Wjets conglposition 0.13
Other backgrounds ur/ yr 0.44
PDF for background processes 0.42
b tagging 0.73
Total profiled 3.4
Integrated luminosity 2.5
JER 2.8
JES 8.0
. PDF for signal process 3.8
Nonprofiled Signal jig /g]/lF P 5 4
ME-PS matching 3.7
Parton shower scale 6.1
Total nonprofiled 11.5
Total uncertainty 12.0
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CMS-PAS-TOP-21-005

Source Uncertainty Process Final state correlated  correlated
(years) (Process)

Normalization only

Luminosity 1-2% All All v

Electron Id /Isolation/Trigger 3% All OSDL+SL v

Muon Id /Isolation/Trigger 3% All OSDL+SL v

Modelling tt + HF 4-8% tt +bb OSDL+SL v v

ME-PS matching +7.5%/-9.6% tt OSDL

Cross section tt +bb +4.8% /-5.5% tt +bb OSDL+SL v

Cross section tt +light jets +4.8% /-5.5% tt +light jets OSDL+SL v

Cross section TOP 4% TOP SL v

Cross section tt +H 20% tt H All v

Cross section tt +V 50% tt vV OSDL v

Cross section tt +rare 50% tt Rare OSDL v

Cross section EWK 3.8% EWK OSDL+SL v

Shape and Normalization

Prefire +0 All All, 2016+2017 only

Pileup O minbias = 4-6% All All v v

Jet Energy Scale +o(pr,n) All All v

Jet Energy Resolution +o(n7) All All v

DeepCSV tagging +o(pr) All SL v

DeepCSV tagging stats +o All SL v

DeepJet tagging +o All OSDL, hadronic v

DeepJet tagging stats +o All OSDL, hadronic v

resolved t tagging: statistical +o All SL, hadronic

resolved t tagging: CS purity +o(pr) All SL

resolved t tagging: closure £0(Njet) All SL

PDF +o tt All v v

Renorm./Fact. Energy Scale  envelope(x2, x0.5) All SL, hadronic v

Renorm./Fact. Energy Scale x2, x0.5 All OSDL v

Shape only

ISR +o All All v

FSR +o All All v

Oiiit (fb)

40

30

20

10

CMS Preliminary
-ttt
Observed upper limit
ly/yoM| < 1.9 at 95% CL
Observed cross section
T IydyMI =162
— — tttt MadGraph LO

® JHEP 02 (2018) 031
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| | | | |
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Summary of tt V measurements

ATLAS+CMS Preliminary
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oy, = 0.72" ( ((scale) = 0.01(PDF) pb
JHEP 11 (2021) 29

lead sub
FxFx@2J+NLO_  +NLOg,,

oy, = 0.86" ) s(scale) = 0.02(PDF) pb
Eur. Phys. J. C 80 (2020) 428
NLO(QCD+EW)+NNLL

0§ PN et 20 = 0.038" ;oo

tf~,'+tWy
JHEP 10 (2018) 158

NLO QCD

-0.002

¥s = 13 TeV, November 2022

(tot.)pb x 20

03399‘0" x 5 =0.15= 0.03(tot.)pbx 5
Madgraph5 + aMC@NLO
NLO QCD

o't;jets = 0.77+ 0.14(tot.) pb
Madgraph5 + aMC@NLO
NLO QCD

Omeas. * (Stat.) = (syst.)

0.87+0.13+0.14 pb

total

stat.

e E . ————

ATLAS, L_=36.1 fo!

N - Phys. Rev. D 99 (2019) 072009
ttw : CMS, L_=138.0 fb’
0.87 + 0.04 = 0.05 pb ; E—— , L ,=138.01b
- arXiv:2208.06485
- -1
0.99+ 0.05+ 0.08 pb D ———— ATLAS, L =1391b
- Eur. Phys. J. C 81 (2021) 737
ttz ; 2
0.95 =+ 0.05+ 0.06 pb N D CMS,L =7751b
. JHEP 03 (2020) 056
- - -1 ‘
tty +tWy dilepton ep 0040 0.001 750, pb x 20 == ATLAS, L, = 13910, Vis1
- JHEP 09 (2020) 049
tfy dilepton 0.175= 0.003+ 0.006 pbx 5 : b—fmom—i CMS, L =138fb", Vis2
- JHEPO5 (2022) 091 o
tf’y |.|.jets 0.798 + 0.007 = 0.048 pb |_E-|'.‘|—| CMS, Llnt= 137 fb, Vis 3
: JHEP 12 (2021) 180
| | | | | | | | | | I | | | | | | | | | | | I | | | | |
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ATLAS+CMS Preliminary November 2022

LHCtopWG
L H CTO PWG S ummary PI ofts Four-fermion operators - Individual limits Following arXiv:1802.07237
m— ATLAS === CMS|Dimension 6 operators C; = C;/A\®
ATLAS+CMS Preliminary November 2022 cl CMS, 4 top quarks [1] 36 fo !
LHCtopWG _ _ _ _ e, CMS, 4 top quarks [1] 36 b~
(Top) quark - vector boson operators - Individual limits Following arXiv:1802.07237 -
= ATLAS ATLAS+CMS === CMS|Dimension 6 operators C; = C;/\? Caa CMS, 4 top quarks [1] 36 fo~"
T ' T T T ' T T ' T T ' T ' T ' ' T T -
CE, CMS, 4 top quarks [1] 36 fo~’
f 138 b~ )
CMS, t_Zq/ttZ ] 38 1o CX) CMS, tf + Z/W/H, tZq,tHq [2] 42 o1
B CMS, tty [2] 137 fo~! )
- _ o MS, tf+ Z/W/H, tZq,tHq [2 42 fo~
sz I CMS, ttZ [3] 78 fb_1 CQJ' CMS, tt+ Z/W/H, tZq,tHq [2] b
— CMS’ tf + Z/ W/H, th, th [4] 42 fb—1 ég)e CMS, tt+ Z/W/H, tZq,tHq [2] 42 fo~ 1
— CMS, tt + boosted Z/H [5] 138 fb ! (";g) CMS, tf + Z/W/H, tZq,tHq [2] 42 o~
1 c¥ CMS, tf+ Z/W/H, tZq,tHq [2] 42 fo~1
A[1] — CMS, ”_"Y [2] 137 tb™ () . 1
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ATLAS, ttZ [6 36 fo~
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—_— ATLAS, Top polarization [7] 139 fb™
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~ [l] —— i i —1
CTW ATLAS, Top polarization [7] 139 1b & — ATLAS, tt rapidity asymmetry [3] 139 fb "
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Lepton flavor universality using WW and W+jets events
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predictions with the exception of
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DeepAKS

. DeepAKS Is a multi-classification algorithm for the identification of hadronically decaying particles,
with flve main categories = W/Z/H/t/QCD

. PF candidates and secondary vertex information as inputs.
. Itis a one-dimensional CNN based on the ResNet architecture
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