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£ LHC - The top quark Factory
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- Top quarks are produced in abundance at the LHC

¢ (proton - proton)

10

- Dominant production modes:

Events / sec for £ = 1054cm°2 sec

> 1t production: ~120M events @10 Hz for \/E = 13 TeV

10
> Single #(t) production ~ 40M events @1 Hz for \/E = 13 TeV i ,
| 10
This talk focuses on a few cherry-picked results from the latest ‘ E
measurements [ S g VY
0.001 0.01 0.1 1.0 10 100

2 /s TeV



@ tt production: inclusive

r--e= =15% (PP,13 TeV) -==--, ;-==sc-meecmcecnnnas. ~ 85% (PP,13 TeV) ==---==--==nmnuuns

Vs | o (NNLO + NNLL)

 q t
>Mﬂ<t_ el i 13 TeV | 833.9124pb (4.4%)
X i 05000 ;
e P / 13.6 TeV | 923.673! pb (4.4%)

© Theo. unc. due to variations in u, & . scales, PDF + ag Hef.

~ Most precise inclusive o,z at 13 TeV (I0PQ-2018-26) measured o ovatoncominoa 1 o6 e Weom ey L T L T T T T T
_ . S 104 __Y ATLAS combined dilepton, I+jets* 5.02 TeV (L =257 pb”) ~ ATLAS+CMS Preliminary —
in the ey final state = - 2%”&%%““7”%25%'* i) TTTERY LHCIOpWG  November 2022 2
o; =829 % 1 (stat) = 13 (syst) £ 8 (lumi) £ 2 (beam) pb (1.8%)| & e AL L-fa7h 1 - i
RREE ity _
- Dominant systematics: 5 " éIALsf‘éEgth%iGﬁ Lo %f*’)1 -
> Luminosity (0.93%) O s LG O YN :
. . — reliminary i 1 -
> top p; reweighting (0.58%) fz 2L soof {
> tW bkg. cross-section (0.52%) 2 - 300} -
+ [ ] ] " 0 . — : N E - :
In situ electron isolation (0.51 %) Covered in - L= NNLO+NNLL (pp) L
0 Z NNLO+NNLL (pp) ——
> PDF (043 A)) Joscha’s talk 10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 B
= NNPDF3.0, m = 172.5 GeV, os(M,) = 0.118 + 0.001 =
— I | | | | | | I | | | I | | | | | | | | | 1 | ]
© o = 882 +23 (stat + syst) +20 (lumi) pb @13.6 TeV 2 4 0 8 10 12( . \/1]4
s[Te

— first results with early Run3 data (CMS-TOP-22-012) LHCTOPWGSummaryPlots
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- Single and double differential cross section measurements in the eu final state
~ 8 leptonic kinematic variables studied : pT, 17,1,

- Data compared to various predictions
— Good agreement observed except for the tails

tt production: differential
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i tttt production

QCD EWK EFT four-fermion coupling SUSY
g t
> t 0000000 > t
A t t
< £ 1 £
L _H < t [
> t t
A
A _
< t < ¥ g t

© NLO (QCD + EW) + NLL prediction: o5z = 13.4719fb  arXiv:2212.03259

-~ MVA techniques to extract signal in all final states

0 leptons

17 or 270S 1 lepton

Dominant bkg : #f + heavy flavor

Negligible non-prompt ¢

> 3 |leptons

limits on EFT couplings

2 SS leptons

2 OS leptons
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tttt: all hadronic

o First time all had. channel used in 4-top searches!
~ SR divided based on resolved / boosted top candidates and H

~ Data-driven estimation of QCD multijet and #f + jets bkgs.
from CRs with different jet and b-tag multiplicities

partially merged,
boosted W

un-merged fully merged

t

0
/)/ 6‘/

Pr

- Combination with results from other final states

S (.- — —+ —+ CMS-TOP-21-005
O = 1724 (stat) +3 (syst) 1b CMS 138 fo~! (13 TeV)
= Observed (Expected) significance : 4.0 (3.2) s.d. Expected Exp. sig. Obs. sig.
. i : Bl Observed (s.d.) (s.d.)
< First evidence of 4tops production !!
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tttt: SSML w2

04 05 06 07 08 09 1
7 BDT score ttX BDT score ttX

~ New result with legacy reprocessing of Run2 data 138 1" (13 TeV) 138 fb” (13 TeV)
7 S L B B B S B B SR 2B o1 L L L
'§ . CMS ¢ Data [t ' < " CMS ¢ Data [t
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& DeepdJet over DeepCSYV for b-jet identification g 7 M g
i 60[
performance |
~ Veto events with OSSF lepton pair within m, window to
reject t1Z and multi-boson bkgs. 3 B
o
s s
. . (4o} ©
© Several event categories based on jet and b-tag © B ° )
BDT score titt BDT score titt
multiplicities and H for better bkg. estimates e 138f07(13TeV) e e e 10 (13 TeV)
S OMS B S (oM
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Hp T |
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fti—Ii | e |
& tttt_“ke’ 1991 et
20 | I |
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Observation of tttt: SSML %

o(pp — tttt) =17.9 J_rgg (stat) T2 (syst) fb, - Measurement is limited by stat. 138 fb! (13 TeV)
) ' ' unc. DL
‘T(PP — ttW) = 997 = 58 (Stat) i-;g (SYSt) fb, CMS ¢ Data Background

_ . 2L Preliminary Wttt Total unc.
o(pp — ttZ) =1134 J_“Z% (stat) & 86 (syst)fb. - Domlﬁant syst : ;
contribution, b-tagging

calibration, 7t simulation

Events / 0.3 units

model etc.
Channel si);;z}fce:f: c)e o(pp — tttt)
20 4.1 (4.1)s.d. 17.6 7% (stat) 7575 (syst) fb -
3/ 35(3.0)s.d.  19.4 771 (stat) +2.3 (syst) fb <
4¢ 0.0 (0.8) s.d. — 5

Combined 5.5 (4.9)s.d. 179137 (stat) 777 (syst) fb

LHC Seminar from CMS on Tuesday, March 28

Observation !!
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ttbb production

CMS Preliminary June 2021
" lrreducible bkg to —— Measurement -+  POWHEG+PYTHIAS
_ _ — ¥ aMCONLO+PYTHIA8(FXFX)
> tH (bb) ant D Gy #  POWHEG+HERWIG++

aMC@NLO+PYTHIAS

> tttt (12 and 2£0S final states)

0 _ —— Fully hadronic
. b 35.9 b2
Multi-scale process / - PLB(503)2020 135285

> m,~ 172 GeV (large); m;, ~ 4 GeV (non-negligible)
> challenging to model in simulation

Dilepton
41.5fb~!
- arxiv:2012.09225

Different modeling approaches +*—I

Dilepton
35.9fb!
JHEPO07(2020)125

> tthb ME@NLO (additional b-jets from matrix element)
> tt ME@NLO (additional b-jets from parton shower)

> 4 vs 5-flavor schemes (massive vs. massless L +jets

b-quarks in the initial state) 33’3@%7(2020)125
Previous measurements reported higher cross 1 2 3 4 5 6 7T 8 9
sections than state-of-the-art predictions Tiivi [PD)



ttbb production

_CMS Preliminary _____ 138 fb” (13 TeV)
~ New CMS measurement in £ + jets final state: > 35j, = 3b 5 '"F 1lepton (o), >5jets, >3b E P
s Pre-fit i
10° = = = [@fc
~ Fiducial and differential cross sections compared with various predictions E.g?wet
10° _g Vjets
: : : 7 Stat.
- Dominant syst. : up scale, ISR/FSR model, b-tagging, jet energy scale etc. e _| [isyst + stat
CMS Preliminary 138 fb~' (13 TeV) CMS-PAS-TOP-22-009 O }-g; SRR S
i ] — — T T T CR e—— O
-+ Powheg+OL+P8 ttbb 4FS - Data _ 8 08— TR .
+  Powheg+P8 tf 5FS Syst. + stat. unc. - S S S VEESE 2
-+ Powheg+H7 tt 5FS Stat. unc. umoer ol et
JrLTE : ,  —CMS Preliminary 138" (13 TeV)
-+ Sherpa+OL ttbb_4F_S E, 10° =~ 1 lepton (e/u), >5 jets, >3 b = : :f,ti:ht
+ MG5 _aMC+P8 ttbb 4FS _ i = = - [t
v MG5_aMC+P8 t+jets FxFx 5FS - 10° Pre-fit 2 D
! *x X | * * E.ﬁX
25]91:3: 23b__ v .|-A * 0'fid=23681142fb 7 v + A _?_ 10* — Vjets
- v 1 v i = Stat,
! o * I wl 4x - [/Syst. + stat.
2 6 jets: 23b, 23 light- v v‘ > Oig=103692fb  { [ . +vA + o - yst. + sta
26jets: 24b|- 01q=289+37f0 | | 4, . 100 -
 m i L x O qamtireerelie o
> 7 jets: 2 4b, ZS"gh’[_—A + Ofig =144 + 26 fb 1 T L =+= N % 1.2F----------m-mooooo----------sse S S S S S NN \
¥ L R B . S ] = F— . . N
102 10° 10 0.5 1.0 o 8 T
Ofig [fb] Gpred./ Oobs 3 4 > ©

Number of medium b-tagged jets 10
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Differential measurements performed using maximum likelihood based unfolding technique

ttbb production
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& Single 7(7) production

EXPERIMENT

t-channel (~ 73% at LHC)
Golden Channel, sensitive to FCNC

qg q'

q , » b W q t
w b w+
b ; V5  5FS f
g ¢ ’ t g t d b

b b

tW (~ 24% at LHC)
Observed at LHC, sensitive to BSM couplings

s-channel (~ 3% at LHC)
Challenging at LHC

t-channel -

-~ ATLAS+CMS Preliminary
LHCIOpWG

Inclusive cross-section [pb]

—
o
[\)

10

Single top-quark production
November 2022

B

_i.?L. t-channel ) _}_{_ )

ﬁ s-channel |

twW
|
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ATLAS PLB716 (201
CMS PRL110(201
LHC comb. JHEPos (201

s-channel

B ATLAS PLB756(201

3)022003, PRL 112 (2014) 231802, arXiv:2208.00924

9)088

6)228, arXiv:2209.08990

B ATLAS PRD90(2014)112006, EPJC 77(2017)531, JHEP 04 (2017) 086
® CMS JHEP12(2012)035, JHEP 06 (2014)090, PLB80O (2019) 135042
. . ¢ LHC comb. uHePos(2019)088

2)142, JHEP01(2016) 064, JHEP 01(2018) 063

|fLVth | =

2
ocx | Vgl

Gme as.

® CMS JHEP09(2016)027
¢ LHC comb. uHEPos5(2019)088

- - NNLO PLB 736(2014) 58
scale uncertainty

- = NLO+NNLL PRD83(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF @& o, uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74
M = M = mto ’
CT10nlo, MSTW2008nlo, NNPDF2.3nlo

[e10]1 ‘lels

tW: p veto for tf removal=60GeV and n= =65 GeV

- scale uncertainty
scale @ PDF & a, uncertainty

7 8

13

Vs [TeV]

LHCTOPWGSummaryPlots

, Assuming | Vi4|, | Vi | < | Vi |

Gpred.( | th‘ =1)

f,y accounts for possible BSM contribution > f;,,= 1 for SM

t+t

12

ol 7" (13 TeV) = 207 £ 2 (stat) = 31 (syst) pb = 207 = 31 pb

CMS-TOP-17-011
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EXPERIMENT

Evidence of s-ch. production

© Measurement in 1£ + jets final state

q
SR W + jets CR tt" CR
2 |ets 2 |ets > 3 Jets
2 tight b | 1tight b, 1 loose b | =2 tight b 7

- Data-driven QCD multijet bkg. estimation using m (Em’SS) for u(e)

~ Matrix-element-method to derive signal probability per event : P(S|X)

Y Og_ch. —82+()6(stat)+

; (Syst) pb = 8. 2t 5 pb

S

© Observed (Expected) signal significance over bkg.-only hypothesis : 3.3 (3.9)

~ Dominant unc. sources: ff norm., signal and ¢f simulation model, jet energy scale,

jet energy resolution etc.

s.d.

arXiv:2209.08990
£ 250001 | ' | ]
S | ATLAS ¢ data
i - {s=13TeV, 139 fb” s-channel
| signal region, 1+2j B t-channel -
20000[— Post-Fit mtw o
- it -
B W W+jets ]
15000 Z+jets, Diboson  —
I Multijet ]
72 Uncertainty
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EXPERIMENT

- 17, 1 tight b-tag, > 1y in the final state

- Veto events with m,, close to m;,

~ SR1: 0 forw_ jet and SR2: > 1 forw. jet

g .00000009

~ NN discr. in SRs to separate signal from bkgs.

Meas. fid. cross section
(fo)

SM prediction

Gy X Bt = bLV) o

515+36

688 £ 23 (stat) 7 i

Parton level > (syst)

217+Z7

303 + 9 (stat) jg ol

Particle level > (syst)

- Observed (Expected) significance of the 1gy signal is:
9.3 (6.8) s.d.

~ Evidence @ 4.4 s.d. with partial (35.9 fb6~!) Run2 data
reported earlier by CMS (CMS-TOP-17-016)

Events

Data / Pred.
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Events

Data/Pred.

FCNC in 1y

12, > ly (in barrel), & > 17 in the final state

Veto events with \me}, —m,| < 10 GeV ulc Y

SR1: 1j1b and SR2: > 13, 1b u/c

BDTs to separate FCNC signal from SM bkgs.

Upper Limits @95% CL extracted for k., and B(t — q +7)

v+e, >1jet[1 bjet] 138 fb™' (13 TeV)

v+, 1jet [1 b jet] 138 b (13 TeV)

L L L L D e ﬂ Sgllllllllllblllllll R ;
10° - Data tt = 10" E ¢ Data ity =
,E CMS @Stat.@syst. -Zgjets E § 107 & CMS™ g Stat.@syst. Zyjets 7
106 = Preliminary -W(t_-,tW-,s-) mm VVy = w  F Preliminary -w(t.'étt\g'!s') -)Qtlyﬁ > . o o
10° - 1 Wrjets mict -7 3 0E e 5y et e Combined Obs. limit | Exp. limit
5 - = 10° - — - E = -
s — ST Ky = 0.1 T D TT K = 0.01 : Keun 62x1073 | 6.9x 1073
3 E): — Ktery 7.7 x1073 | 7.8 x 1073
4 10 = B(t—>u+v)|095x107 | 1.20 x 107>
B(t—c+v) | 1.51x107 | 1.54 x 107>
3
D
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I
©
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& FCNC in 1Z

EXPERIMENT

© > 3¢ with exactly 1 OSSF pair in the final state arxivi2301.11605
ulc Z
~ OSSF lepton pair with |m,, — m,| < 15 GeV
ulc
_ > t b
< SR1(tt -like): = 2j1b & SR2 (Single t-like): 1j1b + 2j1b
© Kinematic event reconstruction based on the signal topology & W
~ Dominant bkgs : tf-dilepton and 1tV o N e
S L ATLAS ¢ Data ° 2200 ATLAS ¢ Data E
5 400 (s-13Tev, 139 1" miizetwz ~ W+lF 1 2 200F Ss =13 TeV, 139 fo" @Wiz+tWz © VV4LF
, ' 5 - N 1 9 - SR2 VV+HF  ItZ ]
- BDTs to separate FCNC signal from SM bkgs. E 120__311 o .ﬁZkeHEp. 'téherbkg.—_ G 1805 05 0.7 or D% » 0.4 Miake lop, MOterbkg.
- Post-Fit 7/ Bkg. uncertainty i 160 Post-Fit 7 BKg. uncertainty —]
o 100[~ -- - FCNC (o)tZ x 50 E 1 40F =~ FCNC (u)iZ x 50 E
~ Upper limits are extracted @95% CL for AB(t — Zq) [ FONC fi(0Z) x 50 | roNct) < 5
80— — — / -
: + + : 100F -
Observable Vertex  Coupling Observed Expected ' s ] 80 E
60F =
SRs+CRs 40F -
B(t — Zq) iZu LH  62x107° 497x107° e . 7 E
Bt — Zq) tZu RH 6.6x107° 5.1 lejﬁ x 107> g 125; } } — % 1.255— } j j 3
B(t — Zq) tZc LH 13107 11 ’j x 107 § %//%%WWM% S 1B, G e AR
B(t — Zq) tZc RH 12107 1073 %107 0750 g 3 O75E :
096 —04 02 0 02 04 06 08 1 091"08206-0402 0 02 04 06 08 1
D, D!
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A@ Summary

EEEEEEEEEE

- LHC = Top quark factory
= precision lab for studying top quark production & properties

= portal to new physics beyond SM

- Most measurements agree with SM prediction within uncertainties
= several measurements out-perform predictions in precision

- Differential and fiducial measurements are key inputs for better MC modeling in future

- QObservation or evidence of several rare top quarks processes during Run2
= waiting to be fully exploited during Run3 and High Luminosity- LHC

- Stringent limits on FCNC couplings are placed with Run2 data

~ More information : ATLAS Top Public Results, CMS Top Public Results, LHC Top WG

- More TOP results today by Michele, Sergio, and Jack
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Observation of tftt: SSML

CMS Simulation Preliminary

——
’—

10 < pt <25 GeV

Electrons
@~ This analysis

O TEPJC80(2020) 75

Muons
=ill= This analysis

0 EPJC 80 (2020) 75

CMS Simulation Preliminary

1073

102 107
Nonprompt lepton efficiency

same-sign 2{ channel
>2j, >1b, H1>200 GeV

>4j, >2b, H7>280 GeV
>6j or >3b <6j, <3b

Ghat-soraw) [Croatzorms

”
P
y =
0.95 | 7
> /
@) 70 1
C 4
Q [/
L 0.90 - f
= ' 4
GC) ,/ pt > 25 GeV
O 0.85 7
a P
o
S g0l o Electrons
c ‘) ® - This analysis
o | O | EPJC 80 (2020) 75
- 0.75 A o Muons
=fll= This analysis
0 EPJC 80 (2020) 75
0.70 —— — 4+
10° 1073 102 101 100

one of
<4j, <2b,

Ht <280 GeV

Nonprompt lepton efficiency

3¢ channel

>2j, >1b, H1>200 GeV

=1 ¢
OSSF on-Z

CR-3(-Z

=0 ¢ OSSF on-Z

SR-3¢

CR-3(-2j1b

<>

CMS-PAS-TOP-22-013

tttt pred
tttt meas
ttW pred
ttW meas
ttZ pred
ttZ meas

q +1.0
13.4 710 fb

17.9 137 (stat) :gf (syst) fb
722 +74fb |

997 + 58 (stat) :::g (syst) tb
859 + 80 fb

1134 733 (stat) + 86 (syst) fb

4¢ channel
>2j, >1b

OSSF on-Z OSSF on-Z
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b-tagging in CMS

Typical features of heavy flavor jets: Tagging typically relies on:

Impact- P Displatsd Jet Cone

Pararheter Secondary
(IP) Vertex (SV)
/ - Contain SVs due to b(c)-hadron - Track info. : IP2D, IP3D, track
decays multiplicity etc.
- High track multiplicity © SVinfo. : myy,, SV flight distance etc.
- Tracks with high Impact parameter . charged and neutral hadron and soft

(IP) relative to PV o lepton candidate info.
- Presence of soft leptons inside jets Some combination of the above : NN

B — uX) ~ 20 %
Tracks associated to jet JINST 15 (2020) P12012

Primary
Vertex (PV)

Q E::I..:F;;‘:'E:::’ ...... Pttt ....::.1'7,: ............. Lohohlntn  SETTT R I..;f‘;;..::’f;
E "t'tfeveﬂ.ts."ﬁi resvsnesenssasransfenee 'I"?f"?"fﬁ‘fﬁ"ff"ﬁ' NSO Y - 'é",;-?f"" .
o fenassaleasesassiansassssssdisansannsanssasissaasssassansansinass sSeassassanssassanssadie ssnssasssassaaidssssasssansgpalileg@esieciagfliad o
DeepCSV Charged (9 featureS) X6 preprocessing b UI) _AK4jetS(pT>3OGeV) ............... .......... — /,'
More tracks Deep bb = 1 ' : G

— DeepJet

More nodes Secondary Vix (6 features) preprocessing 100 nodes x4

More hidden layers (deeper) ] - cc H—— DeepCSV [
JINST 13 (2018) P05011 Global variables (7 features) preprocessing Ig

ey £ s o
|-- bvsc ’

Deepdet  JINST 15 (2020) P12012 I e L i
10 —:titt“:t'r:"::'t:"::f‘::f'::“:t':'/':’t‘ti"::'t:"::';z’::'t:t'::":t‘t:":t‘t:':::'t:f' ASTRTRE NPTV ASURRI | WP -

Charged (16 features) x25— 1x1 conv. 64/32/32/8 RNN 150 Efff§ff-?f5-5f*Ef-fff-fﬁ-fffl-iéf’ft':f-?ff-fﬁ*ff-_ﬁ-f'f:'-fff-fE-Ef-ff*ff-ff*ff-?f??? {65 g sl s I

...-l.---..-.--;---...--J'-).-..--.....---.--.l-.-’--c.--.--.--.---‘...----.--.-‘-n.-- B T

Neutral (6 features) x25 1x1 conv. 32/16/4— RNN 30 Dense A
200 nodes x1, : _ :
‘Secondal'y Vix (12 features) x4 1x1 conv. 64/32/32/8 RNN 50 100 nodes x7 10~ :’Jr'l_ : o e o

p—
- mm =
-

s =
|
—
-

| Global variables (6 features) 03 04 05 06 07 08 09 1
-jet efficiency
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Events / unit

Data / Pred.

138 fb' (13 TeV)
- | | | | | | | I | | | | -
' ¢ Data P ittt
800 I gIVIIS - Othert [ Xy i}
reliminary BVVV) Nonprompt
. CR-3¢-7 M ttH ttZ _
6800k B ttW Total unc.  _
b:¢z¢:¢:¢zf+¢z¢:¢:¢:¢; °
400 B N b Z 1 n
200F -

1.5

0.5

CMS-PAS-TOP-22-013

ttrt: SSML

JHEP 07 (2020) 125

9 —
/\/ ‘ \)
=
L1 I L1 11 I L1 | I L1
0.01 0.015 0.02
FPS
t tbb/ttjj
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CMS 3591 (13 TeV)

Full phase space (FPS)
p‘:‘ > 30 GeV

Dilepton

Measurement

Stat. Total

POWHEG +

PYTHIAS

MG_aMC@NLO +

PYTHIAS8 5FS [FxFx]

POWHEG +

HERWIG++
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ittt combination

CMS-TOP-21-005

] 101 fb~' (13 TeV) CMS Supplementary 138 fb~1 (13 TeV)
'-%104:— | l }l Data | ] tf+rar|e E ‘ CRs used in VR | 2 f VRN A I:
> = CMS PN — : | CRs used in SR | ESO Eillzculated rom combination ; b
= - o 6 I Observed upper limit ! -
O OSDL, Ny, > 4 B tt+0b Bttt - ! _ '
4 103 3 tt + H 2272 Postfit unc. - =, | —— Observed cross section [
i eV : aol- ==° Predicted cross section 0 ’
_ _ - % JHEP 02 (2018) 031 b :
10 g o R S E /
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) i i
H [uhj s N - -
100 . ) wWW 201 ,/,’ ]
o 1.2f :
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i ] I |
0 - ]
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o i _ ]
s 100, CMS Nr2il® paa mmoror NS S | | | o
o - e/l +jets N;=8 tt+ 210 Wl EW  N-8 N;=8 1 Analysis Signal strength (1) Cross section (tb)  Significance (s.d.)
- Bl tt+0b Bttt 1
i ol Ceas i+ H 77 Postit unc. i (stat.) (syst.) (stat.) (syst.) Exp. Obs.
: " A & "IT,I,‘ E
L | OSDL (2017+2018) 28 +10 2 33 x12 Tt 06 1.8
ii 3 W 3 i i 3 23 4% A 1.2 14
LIS . H B Single-lepton 12 07 406 15 48 0 12 1.4
...l-—"'- . All-hadronic 58 +14 420 70 +17 ‘& 04 2.5
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Summary of ¢t production

ATLAS+CMS Preliminary
LHCfopWG

0. =12.0 73 (scale) fo

~ JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2LSS/3L, 139 fb™

Run 2, {s = 13 TeV, November 2022

A

tot. stat.

o, = tot. (stat. +syst.)

Obs. (Exp.) Sig.

+7 +95

EPJC 80 (2020) 1085 § 2425(5_,) 1o 43(24) 0
ATLAS, 1L/2LOS, 139 fb™ | o 7 1o 415
JHEP 11 (2021)118 ; j i j 1 26 15 (8 _13)fb 1.9 (10) 0]
ATLAS, comb., 139 fb" s
JHEP 11 (2021) 118 j 24°:(4°,)fb 4.7 (2.6) o
CMS, 2LSS/3L, 137 b 58
EPJC 80 (2020) 75 e 12.6 5, 1b 2.6(2.7) o
CMS, 1L/2LOS, 35.8 fb” +20
JHEP 11 (2019) 082 ¢ B 0 fb 0.0 (0.4) o
CMS, 1L/2LOS/all-had, 138 fb™ . o 13
CMS-PAS-TOP-21-005 * ' ¢ 138 i b 37(1.9) 0
CMS, comb., 138 b -
CMS-PAS-TOP-21-005 * - 1751 39@3-2) o
*Preliminary | | | | | |

0) 20 40 60 80 100

o [fb]
tttt
LHCTOPWGSummaryPlots
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ttbb production

3 5CMS Simulation Preliminary (13 TeV)
I 1
3 B
e I
T
J L 0.8
[ L

5 2.5 1603 [0.02/0.02/0.02| 0.02 | 0.05 0.80
S [
g C 0.6
® °L
N L
1 51 0.4
| 0.03 (0.03/0.02|0.03
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1_ 0.03 0.02 — (0.2
0.03 0.03
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0.5
0.02 0.02
[ | I I | I I | | I I | | I I O
0.5 1 1.5 2 2.5 3 3.5

Generator-level AR(bb®"®)
Signal model: Powheg+OL+P8 ttbb NLO 4FS

Response Matrix

<>

10_15—

CMS-PAS-TOP-22-009

CMS Preliminary 138 fb~! (13 TeV)
Q\o, . —e— Lepton and trigger —e— UR and Jg scales —e— MC statistical ]
..E‘ 10 : - JES, JER —— PS modelling —o— Systematic uncertainty E
[s - —— Db tagging ttC normalization —o— Statistical uncertainty
g 102k~ Other experimental =~ —e— Other theory —— Total uncertainty i
- :
>
q>) B
= 10"} E
g ") S
oC T

751500 [150.2500  [250.350] (350450  [450.600  [600.750(

Phase space: >5 jets: >3b H? [GeV]
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Uncertainties in diff. measurements
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tt W production

~ SR consists of 2255 and 37 final state q W t
2/SS 3¢
_ 12 event categories based on jet and b-tag
Event categories based on ¢ flavor & charge o iy _
multiplicities & charge of the 37 system q n
. . . . . . qd W™ t
DNN discr. for signal vs bkg. separation Signal extraction using m(3¢) observable
~ Additional CRs defined with 37 or 4¢ events to control WZ and t1Z bkgs.
q t
~ Final tf W normalization extracted by profile likelihood fit in 2SS + 37 + CRs CMS-TOP-21-011 1
o o 1381 (13 TeV) 138 b (13 TeV) 198 10 (13 TeV)
8 800— CMS ¢ Data [ Diboson - S I CMS —+Data g Diboson | I CMS = Measurement //f/ EPJC 80 (2020) 428 i
= | Postfit B ttW @ Conversions | o | Postfit. 2i2h BB twW  pmConversions | B ]
P B B Other WM ChargemisiD | ¢t . Posliit, 2 BN Other [ Charge misiD - i —— Stat. unc. | JHEP 11 (2021) 29 -
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tt W production

o
(wa—

[

550

Observable Measurement >M prediction
NLO + NNLL NLO + FxFx
Taw 868 + 40 (stat) & 51 (syst) fb 592 75>° (theo) fb 722 *7¢ (theo) fb
Taw+ 553 £+ 30 (stat) &= 30 (syst) tb 384 fgg (theo)fb 475 J_rég (theo) fb
Tew— 343 £ 26 (stat) £ 25 (syst)tb 198 f%g (theo)fb 247 f%‘% (theo) tb :E 500
Oaw+ /0qw-  1.61£0.15 (stat) T00% (syst)  1.94 1557 (theo)  1.92 705 (theo)

Factor of 2 improvement on systematic uncertainty w.r.t
earlier measurement @ 13 TeV with only 2016 data !!!

Dominant systematics:

> ttH normalization (2.6%)
> Luminosity(1.9%)

> 1t W ME scale (1.8 %)

> b tagging efficiency (1.6 %)
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Inclusive and differential 77y : 2¢

< NLO prediction: Oty = 155+ 271b [pT(}/) > 20 GeV & [n(y)| < 1.442] JHEP 05 (2022) 091
~ Exactly 1y, exactly 1 OS ¢ pair, > 1 b-tagged jet in the final state W 3
> Bkgs.: Non-prompt y (data-driven), Zy (from Z peak), others from simulation ) t %
”I y
© Measured: 6,7, = 175.2 £ 2.5(stat) £ 6.3(syst) tb (4%) & 9 o o+
> Dominant sources: Luminosity, signhal model, bkg. normalization g - t Vv

o Differential measurements used to extract combined (27 & Z + jets ) limits on coupling Ciz

1 CMS 138 fb 1 (13 TeV CMS 138 fb~1 (13 TeV)
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© NLO Prediction: o,;, =773 £1351b [pT(y) > 20 GeV & |n(y) | < 1.442] JHEP 12 (2021) 180 b

Inclusive and differential 17y : 7 + jets

: : . . 50000 ¢

o Final state consists of exactly 1 y, exactly 1 7, = 3 jets, = 1 b-tagged jet t WY )
Vi

: : : Y
- Measured inclusive cross section: oz, = 7938 £ 7 (stat) * 48 (syst) tb ) q
W
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: : C : —/

~ Differential measurements used to extract limits on EFT coupling Ciz »OP08 .
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L Summary of 11V measurements

ATLAS+CMS Preliminary
LHCIopWG

Odw
JHEP 11 (2021) 29

lead ub
FxFx@2J+NLOS +NLOG,,

Eur. Phys. J. C 80 (2020) 428
NLO(QCD+EW)+NNLL

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

0.87+0.13= 0.14 pb

=0.72" ;oo(scale)= 0.01(PDF)pb I o, =0.86"os(scale) + 0.02(PDF) pb

¥s = 13 TeV, November 2022

ogj{"jf;j;‘ °x 20 = 0.038" J ooa(tot.)pb x 20 : ot‘;‘v'ep“’” x 5=0.15= 0.03(tot.)pb x 5 oi;yiets = 0.77 + 0.14(tot.) pb
JHEP 10 (2018) 158 - Madgraph5 + aMC@NLO Madgraph5 + aMC@NLO
NLO QCD NLO QCD NLO QCD

stat.

—_—
ATLAS, L_=36.1 ok

total

tw Phys. Rev. D 99 (2019) 072009
0.87 = 0.04 = 0.05 pb T —— CMS, L =138.0fb
arXiv:2208.06485
0.99+ 0.05=+ 0.08 pb T T S ATLAS, L =139 fo
ttZ : Eur. Phys. J. C 81 (2021) 787
0.95= 0.05+ 0.06 pb 1L CMS, L _=77.51b
5 JHEP 03 (2020) 056
- - -1 :
tty +tWy dilepton ey 0.040=0.001 *5 0, pb x 20 —t——— ATLAS, L, =1391b", Vis 1
- JHEP 09 (2020) 049_1 |
tfy dilepton 0.175= 0.003 + 0.006 pbx 5 5 o CMS, L =138 fb", Vis2
- JHEPO5 (2022) 091 y |
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ATLAS

EXPERIMENT

_ 1 do—Hproc
P(X ‘ HPTOC) - dod O-Hproc dod THprOc (X‘ d)) '

2. P(S;) P(X|S;)

arXiv:2209.08990

P(S|X) =

i P(S:))P(X|S:)+2,;P(Bj)P(X|Bj)

£ m l T l I

-y - ATLAS Simulation ]

< 02l s=13Tev _

IS " signal region, 1+2] s-channel ]

T . =v=u= Wejets .

0.15[: ]

o -

. Dars, -

MEFTECIE 4 -

Lo Riti -

i hw'gh_:. — |

0.05 Ry B -

i TR ]

W hend

ok | 1 | |

2.0x10* 0.012  0.034  0.062 0.13 1.0
P(S|X)

Source Ao /o [%)]
tt normalisation +24/-17
tt shape modelling +18/—15
PS & had. +12/-10
ME/PS matching +10/—8
hdamp <1
s-channel modelling +18/—8
PS & had. +18/—8
ISR/FSR +3/—1
Jet energy resolution +18/—12
Jet energy scale +18/—13
MC statistics +13/-11
Flavour tagging +12/-10
W+ jets normalisation +11/-8
PDFs +10/-9
tt +10/-9
s-channel +1
t-channel +1
tW +1
t-channel modelling +6
PS & had. +5
ISR/FSR +4
W+ jets p,/pe shape +6/—5
Normalisation of other processes | +6/—5
Pile-up +5/—3
Luminosity +4/—-3
tW modelling +1/-2
PS & had. +1
tt overlap +1
ISR/FSR +1
Missing transverse momentum +1
Multijet shape modelling +1
Other detector sources +1
Systematic uncertainties +42/—-34
Statistical uncertainty +8

Total

+42/-35
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L Observation of {gy production

arXiv:2302.01283 Parton-level Particle-level
Uncertainty Ao /o Uncertainty Ao /o
Fiducial region tty modeling +5.5% tty modeling +5.5%
Background MC statistics +3.5% Background MC statistics +3.6%
Parton level tqy MC statistics +3.3% t (— fvby) g modeling +3.3%
tt modeling +2.4% tqy MC statistics +3.0%
e At least one photon with p;r = 20 GeV tqy modeling +2.0% tt modeling +2.3%
Frixione isolated with AR < 0.2. t (— {vby) g modeling +1.9% tqy modeling +2.3%
Additional background uncertainties  +1.9% Additional background uncertainties  +2.0%
Particle level t (— {vby) g MC statistics +0.3% t (— {vby) g MC statistics +0.3%
h — 7y photon fakes +2.0% Lepton fakes +2.2%
* One lepton with pr > 25 GeV Lepton fakes +1.9% h — 7y photon fakes +2.1%
e At least one photon with py > 25 GeV. e — 7 photon fakes +0.6% e — 7 photon fakes +0.6%
: Luminosity +2.2% Luminosity +2.2%
. >
One b with pr = 25 GeV Pileup +1.2% Pileup +1.3%
* One neutrino not from a hadron decay Jets and E%‘iss +3.6% Jets and E‘TIliSS +3.5%
Photons +2.5% Photons +2.5%
Leptons +0.9% Leptons +0.9%
b-tagging +0.9% b-tagging +0.7%
Total systematic uncertainty +10.6% Total systematic uncertainty +10.7%
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Evidence for tgy (CMS-TOP-17-016)

< 1u,ly, & 2j1b in the final state

~ AR(X,y) > 0.5, where X = u or jets
> Removes overlap b/w single top + “soft” y (PS) &

single top + “hard” y (ME)

- Fake y bkg. estimated from SB data > loose /d. and
inversion of /so. / shower shape criteria

~ Maximum likelihood fit to BDT discriminant to extract signal

"' (pp — ty))B(t — ub) = 115 + 17(stat) + 30(syst) fb

1d. _
oqq = 81 =4 fb

~ Observed (Expected) significance of 4.4 (3.0) s.d

~ Dominant Uncertainties:
> Jet energy scale ~ 12%
> Signal modeling ~ 9%
> Estimation of Zy+jets Bkg. ~ 8%
> b-tag/mistag ~ 7%
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tW production

~ tW @NLO has large interference with :
(4
- Two schemes to tackle this in MC . v
=
— . b
= Remove 7t diagrams from ME — Diagram Removal (DR) \\ W »
= Local subtraction term added to ME to cancel resonant v ¢! . b
- . . . . /
ft contribution —Diagram Subtraction (DS) 6656€ C W o % 834 pb ¢
~ Diff. b/w DR (nominal) and DS (alternative) schemes as & % Vg1
sighal modeling uncertainty b CMS-TOP-21-010
. x10° | | _ 1387 (13 TeV) x107° 138 b (13 TeV)
= - . < T T L AL I L I B
~ BDTs to separate tW signal from ¢t & 600 CMS e + Data - % ®fcms + Data -
: . . : . H - m i i = r == Stat unc. .
— ML fit to BDTs in 1j1b and 2j1b to extract signal 500 o - WDY 4 Feof + WPHDR+P8
- ' SR : -\I\/I\(:;:[W/Z - @ | A ’{W PI\H/I(PBﬁ HIZ’8 i
— B = m — = N a i
eas. N N N . 4001 58 2 150 vare " 5 tWaMGC DR2 + P8
oy =79.2x0.8 (stat) £ 7.1 (syst) £ 1.1 (lumi) pb 2 e I Qr o tWaMGDS+ P8 -
300 s b.}g' - | = tW aMC DS dyn. + P8 ]
T = 10F OV —
. i 1858585853 ~ - .
~ Dominant sources: JES, non-W/Z bkg. rate, yr & pr QOB oSS e gooooo i :
scales of tlW signal 100 51 —— -
B O DF g
: : : : .0 A ]
- Diff. cross section measured against various S ol . | — -
. . . o 1.0E L , - N
kinematic variables — Good agreement b/w data < osf & I .
- L 5 00 TOTLDICOTeDI22(E320 B, . . | -
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arXiv:2301.11605
Observable Vertex Coupling Observed Expected
SRs+CRs
B(r — Zq) tZu LH  62x107° 4971 %107
B(t — Zq) tZu RH  6.6x10™ 5.175x107
B(t — Zq) tZc LH 1310 1173 %107
B(t — Zq) tZc RH 12107 1073 %x 107
C'* and |ICD*| 1Zu LH 0.15 0.13 105
) and |c) iZu RH 0.16 0.14 1005
C* and |CB] ize LH 0.22 0.20 *04
') and |C2) iZc RH 0.21 0.19 )03
SR1+CRs
B(t — Zq) tZu LH  9.7x10” 8.6%%%x107
B(t — Zq) tZu RH  9.5x10™ 8215 %107
SR2+CRs
B(t — Zq) tZu LH  7.8x107™ 6.1 %107
B(t — Zq) tZu RH  9.0x107 6.6775x107
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2

FCNC in 1y

<>

CMS-PAS-TOP-21-013

Combined Obs. limit | Exp. limit +10 (exp. limit) +20 (exp. limit)
K 62x107° | 69x10° (59-84)x10° (51—-10.1) x 1073
Kicr 77x107° | 78x107°  (6.7—9.7)x10> (5.7 —-11.5) x 1073

Bt —-u+v)095x107> [ 120 x 10> (0.89 —1.78) x 10> (0.64 —2.57) x 107>
Bt —c+7) [ 151 x107 | 1.54 x 10> (1.13—-2.37) x 10> (0.81 —3.32) x 107>
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Summary of 7£.X measurements

ATLAS+CMS Preliminary _ 12T
LHC top WG Vs =13 TeV, June 2022
. Oggx5=10273(tot)pb x 5 . 0 x5=94(tot)pb x 5 . o, =406 3(tot.) pb . 0, x5=81%4(tot)pb x5
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Summary of FCNC measurements

ATLAS+CMS Preliminary 95%CL upper limits €<—@ ATLAS <—@ CMS
LHCtopWG [1] arXiv:2208.11415 [2] PRL 129 (2022) 032001
[3] arXiv:2205.02537 (LH) [4] JHEP 04 (2016) 035
Novermber 2022 [5] EPJC 82 (2022) 334 (LH) [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2021-049 (LH) [8] CMS-PAS-TOP-17-017
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) @ 2HDM(FC)
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