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top-quark

The top has several features that make it a very interesting particle:

v'Heaviest particle discovered till now
--mt= 173.341L 0.27(stat) £0.71(syst) GeV
v'Decays before hadronization

-- Give access to the physics of a “free” quark
v'Intensively couples to the Higgs boson

The LHC is a top factory and allows:

Over 200M top quark pairs in LHC Run2 13 TeV data
More coming with Run3 data taking

v Precise measurements of top pairs and single top production
v Observation of rare processes involving top
v Use the top quark as a “tool” to study the SM



Top pair production

Top Quark Production Cross Section Measurements Status: November 2022
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Top pair cross sections

s

ATLAS+CMS combination 7/8 TeV
®inputs: ep channel with best precision

®CONVINO tool to combine counting and PL fit
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First look at LHC run-3 data!

v'Very first measurements of inclusive ttbar cross section at 13.6 TeV by CMS

* ML fit to bins in # of leptons / lepton flavors / # of (b-)jets
 In-situ calibrations of lepton. JES. b-tag efficiencies.

c CMPS - 1.21 0" (13.6 TeV) Source Uncertainty (%)
g *OE)J?I;% =g jets -giigglsotn YJVrTc];ztr?ainty %e'Pton o 'efﬁCienCieS o
5 + % rigger efficiency 0.3
o JES 0.7
b tagging efficiency 1.1
Pileup reweighting 0.5
ME scale, tt 0.6
ME scale, backgrounds 0.1
g 1'45_ ee (1b) | ee (2b) | pu (1b) |pu (2b)[en (0b) [ en (1b) [ eu (2b) [e+iets (1b)]e+jets (20) [ p+jets (1b) | u+jets (2b) ME/PS matching 0.1
g 12 PS scales 0.3
2 1?«*41;”{,%%*{”&{&4'} Haeedeag b ey PDF and ag 0.3
o Single t background 1.0
O e Ta eI arnIanI ad anIanIosrdo s ndo s ndoTnd Z+jets background 0.3
Number of jets W +jets background 0.0
Diboson background 0.5
QCD multijet background 0.3
- +43 Statistical uncertainty 0.5
(}'(ﬁ) 887 —41 (stat+syst) — = 53 (lumi) pb Combined uncertainty 2.6
Integrated luminosity 2.3

+18
Theory: o(tf) = 9217 pb arXiv:2303.10680

Submitted to JHEP




Events / 12 GeV

Data/Pred.

Top pair & Z boson production at new energy

Top enriched ey events
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boson cross-sections, and the ratlo at 13.6 TeV

* Limited by the preliminary
luminosity, but cancelled for the
ratio!

* Measured values are consistent
with the SM prediction using the
PDF4LHC21 PDF set.

O-(H) =859+4 (stat} (syst} =19 (lumi) pb

Rz = 1.144£0.006 (g, £ 0.022 ) £0.003 s

ATLAS-CONF-2023-006




1/c d?c/d A dm®™ [1/rad GeV]

MC/Data

v'Inclusive and 8 2D distributions

Measurements in lepton channels

ep channel

v'For differential applied in each bin
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v included resolved and boosted topologies
v Inclusive, parton and particle level
v' Expanded PS compared to dilepton channel
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JHEP 06 (2022) 063

Single lepton channel

o Significant reduction of JES
uncertainty due to in-situ JES
calibration

o Problems with modelling
additional jets and 2D
distributions and azimuthal
distances to hadronic top
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All-hadronic channel
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Single top production

Top Quark Production Cross Section Measurements

o [pb]
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Status: November 2022
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Single top production

- ATLAS+=CMS Preliminary t-channel =
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JHEP 06 (2023) 191  Single top cross section  jHep 07 (2023) 046

s-channel tW channel

¥ Observed at Tevaton v' Inclusive and differential XS in ep channel
v" Very complicated at LHC:
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tt + X production

Top Quark Production Cross Section Measurements

Status: November 2022
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tty production

_ JHEP 05 (2022) 091
/ 2 O New CMS measurement in dilepton channel
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Events / bin

EPJC 81 (2021) 737 ttZ measurements
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Data / Pred.

Events / 0.083

Data / Pred.

ttW measurement;: CMS

2-lepton Same Sign and tri-lepton final states
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Significant deviation from
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ttW measurement: ATLAS

ATLAS-CONF-2023-019

v Inclusive cross section measurements for ttW, ttW+/—, and the ratio;
v' Differential measurements for 9 kinematic observables; compatibility

with data is tested by 2.
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tt+X summary
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LHCTopWG "y {s = 13 TeV, June 2023
Opy =072 y(scale) L001(PDF) pb = Gy, =0.8875(scale) £0.02PDF)pb & 6y x20=0.0387qpp(tot) pbx20 I 6y x5=0.15£003(0t) pox 5 I 6y =077 £0.14(tot) pb
JHEP 11 (2021) 29 E EPJC 80 (2020) 428 JHEP 10 (2018) 158 E MadGraph5 aMC@NLO E MadGraph5_aMC@NLO
FXFx@2J+NLOS+NLOS, I NLO(QCD+EW)+NNLL : NLOQCD i NLOQCD i |NLOQCD
Gmeas. i (Stat) i (SySt) 1Otal: sl : : :
: g
0.89 +0.05+0.07 pb : P ATLAS, L =140 1o
tTtw : ATLAS-CONF-2023-019"
0.87 +0.04 +0.05 pb : ——a—i—y CMS, L, =138.01b"
5 arXiv:2208.06485
0.9 £0.05 +0.08 pb R — — ATLAS, L, = 1391
¥ : EPJC 81 (2021) 737
tiz 0.95 £ 0.05 + 0.06 pb ? ] CMS, L = 77510’
. JHEP 03 (2020) 056
- - Ay
tty+tWy eu 0.0396 +0.0008 * 5oz pb x 20 [ ?J;;;(E;Li? b, Vis 1
tfy dilepton 0.175 £ 0.003 + 0.006 pb x 5 E o CMS, L, = 138 0", Vis 2
: JHEP 05 (2022) 091 q
ﬁy l+jets 0.798 £ 0.007 +0.048 pb [ CMS, L= 13710, Vis 3
. JHEP 12 (2021) 180 “preliminary
| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0.2 0.4 0.6 0.8 1 1.2 14
Gy [PD]

Sreelakshmi Sindhu: New results on ttW and 4-top production with the
ATLAS experiment
Tae Jeong Kim: Top quark pair + heavy-flavor production at the LHC
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t + X production

Top Quark Production Cross Section Measurements

Status: November 2022

-‘é ATLAS Preliminary
b 10° Fg. Run 1,2 y5=5,7,8,13 TeV
—n—-o- =
102

10! — 'I‘

- Theory
LHC pp Vs =5 TeV
BBl Daa 025710

LHC pp Vs =7 TeV

Data 4.5-4.6fb™!

LHC pp Vs =8 TeV

Data 20.2 - 20.3fb™*

LHC pp V5 = 13 TeV

1 1 lllllll 1 1 lllllll

1 1 lllllll

BBl Data 32-139fb!
3 i —
E a o e ;
1 —— :
| .I. - 1
107 F . o E
L -
102 b =

tt t tW t ttW ttZ ttH tty | ty tZj| 4t
t-chan s-chan fid. {+jets fid. ¢
——

18



Number of events /0.13 units

Data/ Pred.

0.5F
0:

tZqg production

Z/y* Z(11)
tZ coupling -

blv

q . [
> Lo

q"  forward jet

Observed by ATLAS and CMS
New CMS analysis with full run2 data set

ATLAS
E =13 TeV, 138w’

Evenls /02

Diata /Pred
[=
1o 3 b
}‘n_
-

0.8 1 1 1 1

=10 -0.6 —06 -04 0.2 l:l.ﬂ- 02 0-! o& o8 1

Event classifier output score

11% cross section uncertainty

first parton and particle level
differential measurements

sz Tey) L e 138 fo (13 TeV)
IR I B SR = ';;-'014_(:'“5' T T T ™
§ Data -'2‘1 = ® o i Measurement ]
Wz IMonprompt 3 o P ; =
1Djet, 2-3 jets =iz DZZH = a " R #2 aMC@MLO, 4FS
Postiit %y Ot 3 = : ]
Muitibosen z Uncertainty —| B s 2 S5 aMC@NLO, SFS 3
3 N AL
3 & 0.08 ,u‘FS 97 7% —
3 o o 3
= 5 0.06F P°FS B.6%
= Q C - ]
= 004 i -]
E . * 3
..... 0.02F e
G:I PR [T ST TN NN TN T S N T TN A SN AV A M MR
______ = E 1.5 —
E™ T Stat uncenainty E =|E F T T
& i i .3 %‘5 1| N ;33" s e bt
| SN LLbh ¥ ATy E % F == i A 4
E E ug 0.5 -
A R -y - R - - S R 0 0100 150 200 250 300

Parton-level p1(Z) [GeV]

ek

JHEP 07 (2020) 124

cross section
measured with 14%
uncertainty

JHEP 02 (2022) 107

CMS 138 fb™' (13 TeV)
ARLARALAAN A ‘II.‘,‘.‘I‘I‘-I‘I\}Ite‘.e;sljrle‘r'r;e;n;
th(incIusive)é H_—lﬂ H;?aetoLync'

' =i Total une. ...

tZq (£7)

Zq(t7)

Zq (1})
A ()
1z (f7)

A

|
|
|
e
[——————d
I
L
T
|
|

0

02 04 06 08 1

12 14 16H|1.8
Observed / Predicted

first measurement of ratio

Precision is expected to improve with more statistics in Run 3

tZg (¢)
A(zm)
tZq (¢1)




. X1v:2302.01283
tqy production Submitied to PRL

v" First evidence from CMS using ~36/fb of data
v" New ATLAS analysis with full run 2 data

Signal regions (NN)

Vp
ﬂﬁzm II|IIII| II|IIII| |I I|IIII|IIII|IIII|IIII—
g sopoE. ATLAS Preiminary  § Dats e Emuoo ATLAS Freiminary & Data Dty h
fE=13Tev, 13007 [C—iviy g [Ty w fE=13Tev. 1380 [i—tvbyg [0y
=14 SR BEwr etz Bzr +jts ot SR By +jetz By +jsts

Post-Fit | S Pos-Fit We—r .Dmerpmmm_r_‘
Largest background from tty WA Hr—;  Dsssus ]
%2 Uncartainty %% Uncertalrty ]
g PITT[ I I [T AT [T I [T I [T AT [T I [ I I [Irrr[rirg
i T ATLAS Prafiminary o Data Eer
(it} =13 Tev, 136 [y —tviy g Ty
W0 . ch B Wy +jets WY +jets
[ Past-Fit HWe—- W= pronpt ¢
C Eo—r [CFssiepons

8

% Uncertainty

i ¥
; Dgzﬂ Dfl IJ_IE IJT3 IJ_I4 015 BTE lll? IlIB Gfﬂ- 1 § D% IZII_‘I IJ.IZ D_|3 D_I4 D_IE DTS D_I'.r' IZI_IB IZI_ID 1
g 1.09) . E - 1l
g o R Observed (expected) significance is 9.10 (6.70)
- ~40% higher that prediction
Parton level cross section: o(tqv) B(t — ¢vb) = 580 + 19(stat.) + 63(syst.)fb

Particle level cross section  o(tgy) B(t — fvb) + o(t — fvby)q = 287 + 8(stat.) T3 (syst.)fb

Compatible with the SM within 2.5(1.9)o at parton(particle) level
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t+X summary

ATLAS+CMS Preliminary

LHCtopWG

04 % 5 = 102-3(10t.) fox 5
MadGraph5_aMC@NLO

Ogq % 5= 94" Jtot) fbox 5
MadGraph5_aMC@NLO

G, =515 g(tot) fb
MadGraph5_aMC@NLO

O, % 5 = 812 4(tot.) bx 5
MadGraph5_aMC@NLO

\s

=13 TeV, June 2023

Gz X 2 = 13675ftot.) fbx 2
MadGraph5_aMC@NLO

NLO QCD NLO QCD NLO QCD NLO QCD NLO QCD
Opmens. T (Stat.)t (syst.) ol : :
97+ 131 710x 5 H———t——H ATLAS, L =139 fo
th o JHEP 07 (2020) 124
88 '3 1fbx5 H—e—t CMS, L =138 1b"
. : JHEP 02 (2022) 107
Aoy
688123 "1 fb —t————oi ATLAS, L, =139 f", Vis 1
th arXiv:2302.01283
115417430 fbx 5 i : CMS, L, = 360", Vis 2
: PRL 121 (2018) 221801
twWz 370+ 50+ 100 fox 2 | : : : CMS, L =138 fo"’
CMS-PAS-TOP-22-008*
“preliminary
1 I 1 1 1 | 1 1 | | | ] | ] 1 ] | | 1 ] | |
0 200 400 600 800 1000 1200
G,y [fb]
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Top Quark Production Cross Section Measurements Status: November 2022
o) - ]
ATLAS Preliminar .

& Y - Theory
K 10° E Run 1,2 vs =5,7,8,13 TeV E
C LHC pp Vs =5 TeV ]
_ Data 0.257fb ]
- o g 1
102 i . l LHC PP \JE:?TEV _
2 s KB BBl Data 45-46fb" ;
e LHC pp Vs =8 TeV
101 : '-'_I_ BB Data 20.2-20.3fb! _=
. ‘I’ LHC pp V5 = 13 TeV
BBl Data 32-139fb! ]
. =, 3
E - | o mO 3
1 I— :
| .I. - 1
107 E i o E
102 E 1
tt t tW t ttW ttZz ttH tty ty th| 4t
t-chan s-chan fid. {+jets fid. £

4-top production
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4-top searches

", t v" Very rare production in SM

t t v’ Heaviest particle final state

e E v Many different final states
v

dilepton same-sign

Sensitivity to the top quark
Yukawa coupling

dilepton opposite-sign

3 lepton
4 lepton

AN

Important input to effective
field theory interpretations

0 lepton

= Evidences from both experiments!

ATLAS Vs =13 TeV, 139 b’ CMS 138 fb~' (13 TeV)
LI B B
— Expected Exp. sig. Obs. sig.
tot. it EE Observed (s.d.) (s.d.)
stat. Tot. ( Stat., Syst.) Obs. Sig.
Single-lepton 1.2 1.4
+1.6 +0.7 +1.5
1L/2LOS IR — A I S IR 19 ¢
OsDL 0.8 1.5
+0.8 +0.4 +0.7 2
2LSS/3L oo = 20 Y5 (s s ) 430 All-hadronic 0.4 25
e o g SSDLEML 27 26
Combined e =i 20 g5 (ps . o5 ) |47 o HEIB0:(2020)15
v b b b by b bevnn bowv i v v by vy Combination 3.2 4.0
0 1 2 3 4 5 6 7 8 9 10 i

Bestfiip=o /oM 4 5 S
M tttt signal significance

significance: 4.70 significance: 4.00
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Events / 0.3 units

Data / Pred.

Observation of 4-top productions: CMS

v' Re-analyze/re-optimize the analysis of full Run-2 data in

same-sign 20, 30, 4 channels.
v" Simultaneous binned profile likelihood fit to signal &

control regions to extract the signal strength.

138 fb™' (13 TeV
............ (13 TeV) CMS 138 1o (13 TeV)
L CMS + Data Background |1|\||||||||\|[|r|||||||!1|1| TTTT[TTTT ||\|||”||m||||”|m|l|”|l|”|
ttt ] Expected
2L Postfit I it Total unc. | :
1o ] 4 : 08 W observed

0.0
EE 1 37 —— 29
4 ot = 13.4+1'gfb ! [ 3 5
it -1

10¢ _ ] .
i ' arXivi2212.03259 i
I 2¢S8S —o— 40
! 5 I - 0
.............. i 5 1

||||||||||||||

e +++++ Combined | ooy + &
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S BT FEEE NN FETE FETE N R
0'571"‘ o5 o = os 4 3 2 10 1 2 3 401234567
log10(S/B) G/ On:  Significance (SDs)
I CRIN v Significance: 5.56 (obs) / 4.96 (exp)

Ao aeenet SN v Slightly larger than prediction, but
arXiv:2305.13439 still compatible.

Submitted to PLB
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Observation of 4-top productions: ATLAS

v’ Same-sign 20 & 3£, >6 jets, >2 b-jets. 0 uies honrd

v" Graph Neural Network (GNN) trained to limits on 3-tops:
o(ttt) < 41 fb

, separate s1gna.l from b.ackground. o({TtW) < 30 fb
Signal extraction by simultaneous fits to o(tftq) < 100 b
GNN scores in signal and control regions @ 95% CL, p(4t) = 1.9

F T T T
- ATLAS ¢ Data | [i§

o
w @ 400 T T T T T S L ]
2 S ATLAS # Data Mt ] 5 600[ Vs=13TeV, 140" [JiW mtiz
= 10° s =13 TeV, 140 fb” g 350F Vs=13TeV, 140 fo™ [Jtiw mitz — F SR WtiH []QmisiD -
g SR WtH is SR M itH [JQmisiD L Post-Fit @ Mat. Conv. [HF e
Post-Fit B Mat. Conv. 300} Post-Fit @Mat. Conv. [@HFe 5001 WLowm BHF u =
3 10° L HF ] » " i .
T ElLow m,. . WLow m,. WHF e o F [l Others [otit E
[ Others 250 [@Others [ttt - 400~ “Z Uncertainty -]
102 “~Z Uncertainty ----Pre-Fi “7 Uncertainty 4 B, i, B
. 2 n
300f
10 150 L
200
100
1
100,
10!
P 0
= O e
<4 2.9 f ..... E g 1.25 s A Q 125
o E P PPy 7 o
1.4 iereper oaees DO LR Ll RS &
- 3 =
© of’""‘wi"‘#‘* *“f"* +$‘+‘i““" & 075 o 075
© ok 3 S os ® 5
= 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 6 7 8 9 210 [} -} N s 4
GNN score Number of b-tagged jets

v' Significance: 6.1¢ (obs) / 4.3¢ (exp)

v Compatible with SM prediction within 1.9c
Signal strength: ¥ =1.9+£0.4 CEACTD

EPJC 83 (2023) 496 S o= 225490
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4-tops summary

ATLAS+CMS Preliminary Vs = 13 TeV, June 2023
LHCtopWG
i Ogq = 12.025 (scale) fb [F o, = 13.4 1] (scale+PDF) fb e
JHEP 02 (2018) 031 arXiv:2212.03259 ot stat.
NLO(QCD+EW) NLO(QCD+EW)+NLL'

Oy T tot. (£ stat. +syst.) Obs. Sig.

ATLAS, 1L/2LOS, 139 fb™ i 17 15
JHEP 11 (2021) 118 e 26 "L (813 fb 190

ATLAS, comb., 139 fb™'

E +7 +5
JHEP 11 (2021) 118 i A 24 5 (+4 4 tb 4.7 c
CMS, 1L/2LOS/all-had, 138 fbo™ . N
arXiv:2303.03864 i ——e—t— 3677 (7% fb 3.9¢c
CMS, comb., 138 fb™'
arXiv:2303.03864 i 17+5 (+4 £3) fb 4.0 o
ATLAS, 2LSS/3L, 140 fb 66 ah7 e
arXiv:2303.15061 H—=— 225 55 (,, ;)0 610
CMS, 2LSS/3L, 138 fb! a4 37423
arXiv:2305.13439 i 17.7 40 (55 590 560
I 1 IEél I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60 80 100 120
Sy [fb]
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v Now at LHC is possible to reach un-
precedent precisions for the property

Top quark properties

measurements

v Now measured not only 1n ttbar but

also in single top and tt+X events

ATLAS+CMS Preliminary Mygp SUMMAry, Vs =7-13 TeV June 2023
LHCtopWG

------- World comb. (Mar 2014) [2]

stat total stat
tofal uncertainty M, + total (stat + syst + recoil) s Ref
LHC comb. (Sep 2013) LHCtopwG 173.29 = 0.95 (0.35 = 0.88) 7TeV [1]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172,33 +1.27 (0.75 £ 1.02) 7TeV (3]
ATLAS, dilepton 173.79 +1.41 (0.54 + 1.30) 7TeV [3]
ATLAS, all jets 1751+18(1.4£1.2) 7TeV [4]
ATLAS, single top 1722 £2.1 (0.7 + 2.0) 8TeV [5]
ATLAS, dilepton 172,99 +0.85 (0.41+ 0.74) 8TeV [6]
ATLAS, all jets 173.72 £1.15(0.55 £ 1.01) 8TeV [7]
ATLAS, l+jets 172.08 £ 0.91 (0.39 £ 0.82) 8TeV [8]
ATLAS comb. (Oct 2018) 172,69 + 0.48 (0.25 + 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass 174.41+0.81 (0.39 + 0.66 + 0.25) 13 Tev (9]
ATLAS, dilepton (%) 17221+ 0.80 (0.20 + 0.67 + 0.39) 13 TeV [10]
CMS, I+jets 173.49 + 1.06 (0.43 £ 0.97) 7 TeV [11]
CMS, dilepton 172,50 + 1.52 (0.43 + 1.46) 7 TeV [12)
CMS, all jets 173.49 +1.41 (0.69 £ 1.23) 7TeV [13)
CMS, l+jets 172.35 + 0.51 (0.16 £ 0.48) 8TeV [14
CMS, di\epton 17282 +1.23(0.19£1.22) 8TeV [14]
CMS, all jets 172,32 £ 0.64 (0.25 + 0.59) 8TeV [14
CMS, single top 172.95 +1.22 (0.77 + 0.95) 8 TeV [15]
CMS comb. (Sep 2015) 172.44 £0.48 (0.13 £ 0.47) 748 TeV [14]
CMS, |+jets 172.25 + 0.63 (0.08 £ 0.62) 13 TeV [16]
CMS, dilepton 17233 £ 0.70 (0.14 + 0.69) 13 TeV [17)
CMS, all jets 172.34 £ 0.73 (0.20 £ 0.70) 13 TeV [18]
CMS, single top 17213 £0.77 (0.32 £ 0.70) 13 TeV [19]
CMS, l+jets 171.77 £ 0.37 13 TeV [20]
CMS, boosted 172,76 + 0.81 (0.22 £ 0.78) 1_? Tev [21]
* Preliminary ik
L1 | I | 1 1 | ] | 1 | L1
165 170 175 180 185

Migp [GeV]

ATLAS+CMS 1s=8TeV

LHCIOPWG . T
tt asymmetry i s ot Heyst)

ATLAS, l+jets B 0.0090 + 0.0044 +0.0025
EJC 76 (2016) 87

CMS, I+jets (template)  re+ 0.0033 £ 0.0026 + 0.0033
PRD 23 (2016) 034014

ATLAS+CMS, I+ets [ 0.0055 + 0.0023 + 0.0025
LHCtopWG

CMS, I+jets (unfolding) s—e— 0.0010 + 0.0068 + 0.0037
PLE 757 (2016) 154

ATLAS, dilepton A H—s——+ 0.021+£0.011+£0.012
PRD 94 (2016) 032006

CMS, dilepton A bt 0.011+0.011+0.007

PLB 760 (2016) 365 o

QCD M\I D N NLC (

ATLAS I+ (!els boosted —

0.042%0.019 % 0.026

\y\|<23n m, > 0.75 TeV|
PLB 756 (2018) 52
QCD NLO (+ EW NLO) 0.0160 + 0.0004
dilepton asymmetry
ATLAS, dilepton /—\l 0.008 +0.005 £ 0.003
PRO 84 (2016) 032006
CMS, dilepton A" 0.003 +0.006 + 0.003
PLB 760 (2016) 365  ©
QCD NLO (+ EW NLO) 0003
JlllllJllJllJlllllIll‘lllll\l
-0.04 -002 0 002 004 0.06 0.08

A

Top mass

Top spin

Top polarisation
Asymmetries
B-fragmentation
Color reconnection
CP properties.........

27



Top mass

A — /M;/ _@A— 1
ntegrate out
Ro= iy thC mg Harg Modes Q
'(Y i H Factorize Jets, Integrate
out energetic collinear ——> ¢
” v ? gll:ons =
o s o Evolution and
volution an
\ \ \\ \ decay oftop —>/ o) rt
i close to mass shell
Direct ' Ty
- | Indirect | Third
from reconstruct invariant mass measure observable directly : :
of top quark decay products sensitive to m¢ (e.g. Oy) jet mass in
t1=-9- Ott boosted top

® Most precise (~0.3 GeV)

® Depends on the details of the

MC simulation

decays can be
calculated using
SC-EFT

Compare to theory prediction in
well-defined renormalisation
scheme (pole, MS, MSR)

(° CMS: tt+jets (36/fb) ) (ATLAS+CMS: m; pole from combine? 4 )
® CMS: single top t-channel O /+8 TeV
Y . .. . ° .
® ATLAS ttbar soft muon tagging CMS: from tt+1] invariant mass g(l)\git etgrj)einrizss irom
® CMS: : m{ running @NNLO revisited
® ATLAS ttbar dilepton {funning @ visi
J \ VAN J

.
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36310 (13 TeV)

CMS + Data—Postitf] 68% CL[] 95% oL
[ e+ets

A.u.

18c0o reco,
My m \Pmozm /m

wﬁﬁxﬁﬂﬁ

Data/Post-fit

Template Bins

3
<

Data/Post-fit

OO0 =

CMS measurements

v'tt |+jets: profile LH fit to 5 observables in different event categories
CMS

36.3 fb (13 TeV)

I CMS

| U+ jels
0_4_ﬂ J

reco reco reco . fit
P My Mg lye0z My /Mg

* Data —Post- ml 68% CL[| 95% CL

reco
Aoq

o h
n

0w ¢
0.2

Template Bins

arxXiv:2302.01967
Submitted to EPJC

363" (13 TeV)

m = 171.77+ 0.37 GeV
—Pul

Pre-ftimpacts [] 8440 ] 8-46
Posttimpacis 0 850 -0 [ MC stat.

JEC flavor bottom

F8R PS scale g
FSR PS scale X-Xg
BG QCD muttjet

CGR: gluon move

CGR; QCD inspired
Early resonance decays

D ———— -

——

T =
-
-

o089
Yy
L 0%
L 050
o0a
)
Lo

|
: 0,14
ST
§ ]|
008
008

® Significant pull and constraint of
FSR PS scale g->qg due to mwreco

v" Most precise measurement with 0.37 GeV uncertainty

v' t-channel single top: ML fit to {=In(m¢/1 GeV)

«10° 35.9fb" (13 TeV)
[¢2] gl g ) T T T T T . y 5
g [ CMS ¢ Data
E [ F201T B tch.
S S BpT>08 [, tw, s-ch.
i I BV +jets, VW ]
ar []acp .
I Stat ® syst
2
of
Slo 15F ! LI S T =
| O L . e =
Olo- o5te . , ]

m,. —_—
nig
Rmt =
1y
Amy = my —mz =

1.79
0. 83+1 35

172.131276 GeV

O 0079

GeV

JHEP 12 (2021) 161
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ATLAS measurements

Template method (similar to 8 TeV) Top mass using soft muon tag
®*DNN to select b/lepton pairings

®|nvariant mass miu sensitive to mt
®Select permutation with highest DNN score

®reduced sensitivity to JES

\G, i I 0 Y I T T R Y T P 7 ) T = R R R P

> iE; =
o — reliminar ata, dilepton ] g . .
o e Pl e : ®sensitive to fragmentation modelling
= - B my, = 17263079 GeV -
E “evor ] ?’514000" A1:L'A's lllllllll o .D‘ata """"" {
u>_| C 7 o - Vs=13TeV, 36.1 fb” (17 (SMT from bic)
L =) -312000_— OS selection Bl (7 (smT from W) —
2000— — 3 - Post-Fit B t7 (sMmT fake)
L ] 10000}— Bl Single top
C ] o [1Other backgr: ounds
= <] - Uncertainty B
1500— eooo-:— _:
C B 6000(— B
1000 E so0of- g
“‘..|.‘..|...‘|.".|...‘|....|,..‘|....\....: 2000; ._L’“L¢:f
£1.05 5 e— ,
% 1 + + % § 1 ozg
38095 t ¢ §0975“{>¢¢¢¢¢¢¢ ++
50 60 70 80 90 100 110 120 130 140 0955 Sy ae sb 60 o 3
my " [GeV] ™y, [GeV]
| Mgy = 172,63 £ 0.20 (stat)  0.67 (syst)  0.37 (recol) GeVl I 174.41 +0.39 (stat.) + 0.66 (syst.) + 0.25 (recoil) GeV I
v Dominant by modelling and JES v’ consistent at 20 level with previous results
» Ttbar modelling is the largest challenge for future measurements
» Require input from theory and experiments
ATLAS-CONF-2022-058 JHEP 06 (2023) 019
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Summary: indirect measurements

Results obtained with different methods overall in good agreement

® CMS result from 3D cross section is
the most precise result, to date, but
may be significantly affected by
threshold effects (can be 1.4 GeV).

® No consensus in theory community
on the size of the effect

\ L CMS, n=3, 13 TeV

ATLAS+CMS Preliminary Myep from cross-section measurements
LHCtopWG June 2023
My,  tot (stat £ syst £ theo) Ref.
total stat

o(tt) inclusive, NNLO+NNLL
ATLAS, 748 TeV —— 1729 5% n
CMS, 748 TeV —— 1738 %7 2
CMS, 13 TeV —— 169.9 57 (0.1£15 17) g
ATLAS, 13 TeV —— 1731 %) ”
LHC comb., 748 TeV —— 1734 %) g
o(tt+1j) differential, NLO
ATLAS, 7 TeV H——H 1737 57 (15£14 35 8
CMS, 8 TeV () ———— 1699 57 (1.1 57 %) U
ATLAS, 8 TeV e 1711 %7 (04109 75) 8
CMS, 13 TeV — 172915 (13 79 9
o(tf) n-differential, NLO
ATLAS, n=1,8 TeV st 1732+16(09+08%12) [

[ 1705408 [11]

|~ Ty, TTONT (0P GUark decay TEPIC FPTZUTSITG T Fer TURUO[T2T (1] EPUC 0 2020 658
CMS, 748 TeV comb. [10] 7o 1) 0
ATLAS, 7+8 TeV comb. [11] 7 (2017) * Preliminary

IIII|IIIIJIIII|IIII|IIII|IIllllllllltl

155 160 165 170 175
My, [GEV]

Theoretical advances needed
in order to obtain accurate and unambiguous results

180 185 190
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Top mass from boosted jet mass

v’ XCone exclusive algorithm to reconstruct jets and sub-jets
— 1mproved resolution

v Dedicated calibration of FSR using substructure variables, and dedicated
jet mass calibration

v Comparable precision to direct measurements

138 fb' (13 TeV)

CMS —&— Data -

........... m, = 169.5 GeV _|
— m =172.5 GeV |

EPJC 83 (2023) 560

m, = 172.76 £ 0.22 (stat) == 0.57 (exp) £ 0.48 (model) £ 0.24 (theo) GeV
=172.76 & 0.81 GeV.

First top mass measurement in boosted regime.
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Pred./Data

Top polarisation

v" Unfolded
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v Study of BSM effects in Wtb vertex

v" Unfolded distributions give bounds

JHEP 11 (2022) 040

angular distributions to particle level compared to MC

on Wilson coefficients

v Consistent with SM prediction

v' Spin asymmetry measurement
Ay = 0.54 + 0.16(stat) = 0.06 (syst)

Ay = 0.440 £ 0.031(stat+exp) £ 0.062 (theo)

~ cMms 35.9 b (13 TeV)

5 Eut /et +jets ]

§ 08 " Poweaurs
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g o Statistically
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Prediction
Measurement
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W polarization in top events

arXiv:2209.14903

/ P ro be Of Wtb Ve rtex Left (f.) Longitudinal (fo) Right (fr)
w w w
New method in dilepton channel:
mesure absolute and normalised @ @ @
differential distributions in cos 8* b b b
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BT e oy mon o fo=0.684 +0.015 (stat. + syst.)
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0.6 0.7
W boson helicity fractions
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arxXiv:2208.02751
v" Central-forward in ttbar events

LHC

v" No asymmetry at LO

do/dy

v' Higher order effectsinqg—-> t t

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

* Boosted regime, single lepton channel
* two Mt bins: [750, 900], [900, =]

138 (13 TeV) 13810 (13 TeV)

] 1 T I [ T T
|5 10'E CMS foata  Hwsjets |5 107;'CIMS foaa  [We+jets
o monan o §ofwowsr o B
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Good agreement with prediction

Charge asymmetry in tt

0.015

arxiv:2208.12095
A — N(AJy|>0)-N(Aly|<0)
N(Aly|>0)+N(Aly|<0)
(Aly| = lyt] = yzl)

‘Single and dilepton channels

* Resolved and boosted regime
e = 0.0068 + 0.0015(stat+syst.).

o 4.7 sigma from zero asymmetry
NNLO QCD + NLO EW ATLAS

Ci, =05 VS =13 TeV, 139 fb~ " |
. Cc8,=1.0
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-4~ single-lepton

+~0.010F 4 dilepton
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0.005! '
0'000 ................................................................
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0.00
—0.02
—0.04 ]
~ 0.5 [0.5,0.75][0.75,1.0] [1.0,1.5] = 1.5
R my; [TeV]

Expect improvement
with additional data
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Energy asymmetry in tt EPJC 82 (2022) 374

v' Asymmetry between the energies of top and anti-top

v' Measured in tt+j events in boosted regime

T (6;1AE > 0) - 7 (6;|AE < 0) Angle between the jet and z-axis
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Run3 started!

(\

Top quark is still there!

Data up to 2022-11-24 2022 (pp 13.6 TeV)
. . . - CcMS BN LHC Delivered: 39.29 fb !
v" Allows to exercise the analysis chain and = 40} omi = CMS Recorded: 36,030 |
o Online
£
. b
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v" And cross section ~920 pb (tt) + ~330 pb (t)

v" Run 3 will provide twice more ttbar and single O = 887fi§(stat + sys) & 53(lumi) pb
top data sets
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Summary
v ATLAS and CMS provided many results with full Run2 dataset:

» High precision measurements

» Searching for very rare processes

» Measuring the top properties and couplings
» Setting constraints to new physics

v" The very first look of the Run-3 data gives the results at the
highest CM energy in record!

v" So far, all measurements of top quark showed good agreement
with SM predictions

v What can we learn from Run2?

» Theoretical advancements are still necessary to improve
simulation and to understand / reduce uncertainties
» Machine learning has significant role in top physics!

v What do we expect for Run3? o o
» Measurements in t(t)+X final states and FCNC searches are statistically limited

» More data will allow for reaching higher jet pT or higher masses sensitive to
BSM and EFT parameters

More results with more data are coming.....
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