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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 cross sections

arXiv:2205.13830
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ATLAS+CMS combination 7/8 TeV
inputs: ey channel with best precision
® CONVINO tool to combine counting and PL fit
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® 25% reduction of uncertainties

as(mz) = 0.1170133%72
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‘/Imp(essive agreement with QCD
predictions from 5.02 to 13 TeV
and a magnitude of cross section
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MC/Data

Measurements in lepton channels

ep channel Single lepton PRD 104 (2021) 092013

v" Inclusive and 8 2D distributions v" included resolved and boosted topologies
v' For differential applied in each bin v |nclusive, parton and particle level
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3.2% uncertainty

® Largest uncertainties from luminosity and Wt o ,
most precise in this channel

® No improvement in precision compared to 36/fb result




Measurements in boosted topology
arXiv:2205.02817

JHEP 06 (2022) 063

Single lepton channel

All-hadronic channel
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Single top production

Top Quark Production Cross Section Measurements
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Status: November 2022
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Single top production

- ATLAS+CMS Preliminary t-channel
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arXiv:2209.08990 Single top cross section  arxiv:2208.00924
s-channel tW channel

v' Observed at Tevaton v" Inclusive and differential XS in ep channel

v’ Very complicated at LHC: o wmsmasTew
--small cross section, large backgrounds § 600 cmMs e & D e
v ) . m . mtt .
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tt + X production

Top Quark Production Cross Section Measurements

Status: November 2022

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

10! — 'I‘

- Theory
LHC pp Vs =5 TeV ]
_ Data 0.257fb ]
LHC pp Vs =7 TeV
Bl 0a2 25461 ]
LHC pp Vs =8 TeV |
BB Data 20.2-20.3fb!

LHC pp V5 = 13 TeV

Data 3.2 - 139fb!

1 1 lllllll

o | = ;
L1 -
a .I. - |
107 F i = " m 3
o]
102k Dl
tt t twW t | ttw ttZ ttH tty |ty tZj 4t
t-chan s-chan fid. {+jets fid. ¢

10



tty production

JHEP 05 (2022) 091
O New CMS measurement in dilepton channel
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EPJC 81 (2021) 737 ttZ measurements

( P T o]
Channel Hiiz L H Pt i
Trilepton 1.17 £ 0.07 (stat.) *0-12 (syst.) \ ]
Tetralepton 1.21 +0.15 (stat.) ¥0-11 (syst.) =t ' ]
Combination (3¢ +4¢) | 1.19 £ 0.06 (stat.) +0.10 (syst.)
v" Precision 10% 1 [y ——
v Slightly higher than prediction T e T
\ Wy
» Measurement of ttZ(bb) and ttH(bb) in boosted regime ,:xiv:2208.12837
CMS Preliminar 59.71b"' (13 TeV)
S 10°F Postit 200 < pZ/M ™ - 300 GeV 300 < pZ/H ™ < 450 GeV F pZHcand. -, 450 GeV Signal strength  Observed  Stat.
r o [ 1174 ft, tEy, ttW tHW, tH _ 104 "\ +080
E TH R e | = ' (
) ' ' tt+ ata =
B - * Wtt+LF, tt+cc “ stat+sys. HiH 277 —0.65
i ) lV+jets
102 . . ) ) . o
' . :.- S Limited by statistics
10’ +¢” ++ : . - CMS Preliminary 1381b" (13 TeV)
**_ A l- f*ﬁiﬂ F o 68%CL #SM eBestfit :
' i ' —95% CL
2 . s
10° :
TE:
0 4
10"
O
S 1sf
; 1.0}
g 05F :
0 3 6 9 12 15 18 22 26 30 34 38 42 46 50 54 58 62 66

Analysis bins |




Events / 0.083

Data / Pred.

ttW measurement

2-lepton Same Sign and tri-lepton final states
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tt+X summary

ATLAS+CMS Preliminary
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t + X production

Top Quark Production Cross Section Measurements

Status: November 2022
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Number of events /0.13 units

Data/ Pred.

tZq production
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th p rOd u Ctl on ATLAS-CONF-2022-013

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

Signal regions (NN

TTTTT TITT[TTTT[TTT T[T [TITT[TITT[TITI[TT1TH

gm ATLAS Preiminary 4 Data 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
Pos-Fit | S Poat-Fit We—r [l Cthes prompt ¢ ]
Largest background from tty B Hh-;  Ersesons
%2 Uncartainty %% Uncertalrty ]
. CARRN AR LRI LR RN LEREN L) LR LN DAL
? [ ATLAS Prafiminary o Data Eer
(it} =13 Tev, 138 [y —tviy g Ty
3000 v ch Wy vjos Wy +joms
[ Past-Fi We—r o= pronpt ¢ ]
2000 Mh—r [OFsxelepons ]
- #25 Unoertainty 1

£ E
E 0.85 =
U'Qﬂ Dfl IJ_IE UTS IJ_I4 015 UTE lll? IJ_IB 0?9 1 § n_% IZII‘I IJIZ 0'3 0-4 0-5 Dls DIT IZIIB DID 4
?—ii.m . E e - - o -NNm
£ o e Observed (expected) significance is 9.10 (6.70)
1 02 03 04 03 068 07 08 D.:Nu: . . .
~40% higher that prediction

Parton level cross section: o(tgy) B(t — ¢vb) = 580 + 19(stat.) & 63(syst.)fb
Particle level cross section  o(tgy) B(t — fvb) + o(t — Lvby)q = 287 & 8(stat.) 35 (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
LHC top WG

Oy x 5= 1027310t )pb x 5 © 0% 5=%"](tot)pb x5 - o, =408"3(tot) pb
MadGraph 5 + aMC@NLO MadGraph 5 + aMC@NLO MadGraph 5 + aMC@NLO
NLO QCD NLO QCD NLO QCD

Omeas. t (Stat') + (SYSL) total

97+13+7pbx5 — .

tZq

88 *2 *Ipbx5 —

Vs =13 TeV, June 2022

stat.

Oy X 5=_81+4(tot)pbx 5
MadGraph 5 + aMC@NLO
NLO QCD

ATLAS, L =139 fo!
JHEP 07 (2020) 124

CMS, L, =1381"
JHEP 02 (2022) 107

580+ 19+ 63 pb . e . ATLAS,L =1391b", Vis 1

' | | ' ATLAS-CONF-2022-013
th : a4 g

115+17+30pbx 5 F ; . } | CMS,Lim=36fb , Vis2

f PRL 121 (2018) 221801
| | ‘ | | ‘ | | ‘ | | ‘ | | | | | ‘ |
200 300 400 500 600 700 800
G [fo]

900
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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 l
BBl Data 32-139fb! ]
. =, 3
E a o e ;
1 e :
1} .I. ™ 1
107 E i o E
10-2 £ D
tt t tW t ttW ttZz ttH tty ty t21 4t
t-chan s-chan fid. {+jets fid. £

4-top production
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4-top searches

§

{
g .

m* <

|

|

Heaviest particle final state
Many different final states

ATLAS Vs = 13 TeV, 139 fb"
AR A LR IR IR I RIS AR AR LA

— fot. it

e Tot. (Stat., Syst. ) Obs. Sig.

12Los| b—t—e—— 22 52 (37.53) 190
2L.SS/3L i 20 55 (54 :92) 430
Combined -0 — 2.0 +—g:: (£:: ’ tg:;) 47¢
wavabasa el ey s laeralyva st va v by vanl eanaleres by pay

0 - T S S S SR N

Best-fit u = S, /cSM

fiiid

significance: 4.70

4

2018
2017

2016

10 20(0S) 24(SS) 3t+

)

(JHEP 11 (2021) 118 |

(EPJC 80 (2020) 1085 )

-1 08-06-04-02 0 02 04 06 08 1
BOT Score

N J)

osf-v’r' +4 Y+Y T Mot

8 06 -04 02 0 02 04 0600\
BDT score

v' Measured cross-section: o(tttt) = 24 +7/_6 fb (4.70)

v' Predicted NLO QCD+EW: aftttt) = 12.072-2/_, c fb

v' Compatible within 20
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4-top searches
1-lepton, 2-lepton OS, all-hadronic channels

Channels with large tt+bb and multi jet (all-hadronic) backgrounds

CMS Preliminary 138fb™" (13 TeV) CMS preiiminary 138fb' (13 TeV)
[ tHanv [ 20| B tH v |
5“’ B minor NRT =1 é I minor NRT =2
acosu ©0) | N 21 @ acosnoo).  HT=1100
20| [ e HT=1400 - | [
data | data [ —
= L s ]
200 1 I
=E “ -
45 — P g I |
.= “E - I
o 0 e I
= |
B T T R T T 0 O 10z 03 08 05 087 107 >
BDT discriminant
15 § 15
== = =———
§F Ry iF = = o By o
Eos N~ os ———

Example post-fit S+B BDT discriminant distributions in most sensitive SR bins in Run Il

CMS Preliminary

138 fb™' (13 TeV)

""" Expected H Observed Expected Observed

SL 198 1293

oL el
Awhadronic| 77777/ * { 13 583
SSDLEML 196 10483
Combined 7 12 4036 104
resutf | | KHI A I S O (M G (M 1*?3‘ | 1.414 a

2 1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Expected and observed cross section best fit (j = 0/o3y)

Large excess in data in most
sensitive regions in all-hadronic
channel

v Combined signal-strength:
n(tttt) = 1.4 £ 0.4

v’ significance: 3.9

v" Limited by data statistics

and ttbb background
modelling
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4-top summary

Significance

CMS Preliminary 138 fb~'! (13 TeV)

) 120 Expected
1.40 B Observed

All-hadronic

SSDL&ML.
arXiv:1908.06463

3
Expected and observed significance of tttt

CMS-PAS-TOP-21-005 ATLAS JHEP 11 (2021) 118
CMS preiiminary 138 fo™" (13 TeV) <ic) N b At
Expected || Observed Expected Observed — tot. 1t
5 198 q2a8 ik Tot. ( Stat., Syst.) Obs. Sig.
+1.6 +0.7 +1.5
0SDL 1113 19114 1L/2LOS — @ 2.2 -:.2 (27 > -:Ao ) 19 ¢
| +25 +2.5
All-hadronic i 194 583 2L SS/3L e 20 02 (10E M1Y 480
SSDL&ML 134 100] | e
0.8 +0.4 0.7
Combined - 1e04 o Combined e — 20 56 (4, 5%05) 470
esut) o, Y )y T PPN R RN PPN PUPIE T BRI SRR R AR
2 4 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 i 2 3 4 5 6 7 8 9 10
Expected and observed cross section best fit (1 = Oi/y) Best-fit u = Umr/ G(Sh"{'
expected significance: 3.2 o expected significance: 2.6 o

observed significance: 3.9 o observed significance: 4.7 o




top quark properties

v Now at LHC is possible to reach ATLASIONS 5= &V
LHelopwa —t—— A 2{stat ) (syst)
un-precedent precisions for the Wommmenry e 9020,
ATLAS, l+jets - 0.0090 + 0.0044 +0.0025
EJC 76 (2016) 87
prop erty measurements CMS, I+jets (template)  +eH 0.0033 £ 0.0026 £ 0.0033
PRD 23 (2016) 034014
ATLAS+CMS, l+jets [ 0.0055 £ 0.0023 + 0.0025
LHCIopWG
\/ CMS, l+jets (unfolding) —e— 0.0010 + 0.0068 + 0.0037
OwW measured not only n ar FL8 75 (ot 54
ATLAS, dilepton A ——s—+ 0.021+0.011£0.012
but also in single top and tt+X
CMS, dilepton A ] 0.011+0.011+0.007
PLB 760 (2018) 365 - -
events romas ©
”””””””””””””””””””” R
ATLAS+CMS Preliminary Mip SUMMary, s =7-13 TeV Oct 2022 'ﬁhﬂ% Jn‘!%s>b‘]c> %stg\g ’ ‘ 0.042+0.019 % 0.026
LHCIopWG PLB 756 (2016) 52
QCD NLO (+ EW NLO 0.0160 £ 0.000¢
""""" World comb. {Mar 2014) [2] F
stat total stat dilepton asymmetry
. i n
total uncertainty My,  total (stat + syst) 5 Ret. F.f\ﬂ'l;lﬁ%&%g%gn Ac 0.008 + 0.005 +0.003
LHC comb. (Sep 2013) LHGlopWG 17329 £ 0.95(0.35 & 0.88) 7TV [1) CMS, dilepton A! 0.003+0.006 £ 0.003
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2] PLE 760 (2016) 365  ©
ATLAS, l+jets 172.33 + 1.27(0.75 + 1.02) 7 Tev [3] QCD NLO (+ EW NLO) 0.0 0003
ATLAS, dilepton 173.79 £ 1.41(0.54 + 1.30 7 TeV (3] e Ly bl b e \ I B
ATLAS, all jets 176512 1.8 (1.4 £1.2) 7 Tev [4] -0.04 -0. 02 0 0.02 004 006 0.08
ATLAS, single top 1722 £ 2.1 (0.7 + 2.0 & TeV [5] A
ATLAS, dilepton 172.89 + 0.85(0.41 + 0.74} B TeV [6] C
ATLAS, all jets 173.72 £ 1.15(0.55 + 1.01) & TeV [7]
ATLAS, l+jets 172.08 + 0.91 (0.39 + 0.82) B TeV [8]

ATLAS comb. (Oct 2018)
ATLAS, leptonic invariant mass

172.69 + 0.48 (0.25 + 0.41)

7+B TeV [8]

174.41 £ 0.81(0.39 £ 0.66 £ 0.25) 13 TeV [9]

Top mass

ATLAS, dilepton (*} 17263 + 0.78{0.20 + 0.67 + 0.37) 13 TeV [10]

CMS, l+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] Op Spln

CMS, all jets 173.49 + 1.41 (069 + 1.23) 7 TeV [13]

CMS, l+jets 172.35 + 0.51 {0.16 + 0.48) & TeV [14] . .

CMS, dilepton 172,82 +1.23{0.19 + 1.22) 8 TeV [14] I 1 t

CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 Tev [14] O O arlsa lon
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, I+jets 172.25 + 0.63 (0.08 + 062) 13 Tev [16] Syl I I I I letrles

CMS, dilepton 172.33 + 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] B — f t t

CMS, l+jets (*} 171.77 £ 0.38 13 TeV [20] ra men a 10n

CMS, boosted (7)

17276 + 0.81 (0. 22

O 20

13 TeV [21]
5 EP. 17} 35

Color reconnection

* Preliminary

| | | |
165 170 175 180 185
My [GEV]

CP properties.........

23



Top mass

=y mMe m
:/ 7
A5 P~ K 0
\ N \\ \
Direct Indirect

from reconstruct invariant mass
of top quark decay products

measure observable directly
sensitive to my (e.g. o)

Evolution and
decay of top —>
close to mass shell

Integrate out

——
Hard Modes

“Third”

jet mass in boosted top
decays can be calculated

® Most precise (~0.3 GeV) Compare to theory prediction in using SC-EFT
® Depends on the details of the well-defined renormalisation
scheme (pole, MS, MSR)
MC simulation
(. AYAS \( )

CMS: tt+jets (36/fb)
CMS: single top t-channel

ATLAS ttbar soft muon tagging
ATLAS ttbar dilepton

\ J

ATLAS+CMS: m; pole from
combined oy 7+8 TeV

® CMS: from tt+1j invariant mass
® CMS: : m¢ running @NNLO
revisited

.

® CMS: top mass from
boosted jet mass
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CMS measurements  cms-pas-TOP-20-008

v’ tt I+jets: profile LH fit to 5 observables in different event categories

CMS Preliminary 36 o (13 TeV) CMSepreiiminary
— post-fit Btlc []+20 } data I + jets 5D:Imt =171.77 +0.38 GeV
- },uﬂ—
JEC flavor bottom : + + : 0.89
FSR PS scale X—Xg : : ——— P 074
FSR PS scale g—qg '—!— 0.46
CR: gluon move -—-—- 0.34
CR: QCD inspired : P : i 035
BG W-+jets : et i 076
Early resonance decay -—l—- 0.33

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

L+jets obs. bins e+jets obs. bins ® Alternative correlation scheme
v Most precise measurement with 0.38 GeV uncertainty 172.14 + 0.31 GeV

v' t-channel single top: ML fit to {=In(my1 GeV)

a0t 359 fb" (13 TeV)
g efoms Voaa ]
P [ F 2017 B tch. ] m, = 17213__+_8;-?-G6V
S  SBpT>08 7 [ tW, sch. ] .
& [ BV +jets, WV ] M-
af Jacp ] R = ot _ 0.9952—}—0.0079
I 77 Stat ® syst 1 my mf —0.0104
2
- _ _________ Amy = my — mz = 0.83f}'§g GeV
g &) 1-,,,//.///W///’///‘////‘///‘///,&//4///‘///’ A e .o '
- oSk 5 55 -
¢ 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
® Select permutation with highest DNN score

® |nvariant mass miu sensitive to mt

reduced sensitivity to JES

2 RIS R AR A RS AR A A L R EE AR A s
P 3000~ ATLAS Preliminary data, dilepton - Y . .
N[ eaTeV. 0 ; - ® sensitive to fragmentation modelling
2 2500 . Frsoool azras 0 coam B
u>_' C i w - Vs =13 TeV,36.1 b [1t7 (sMmT from bic)
L =) £12000}—- OS selection Bl (7 (SMT from W) —
2000— — :>; _  Post-Fit @ 7 (sMT fake) ]
~ 1 10000"_ Bl Single top
C B - [[1Other backgr ounds
= <] - Uncertainty B
1500— sooo»:— _:
C g 6000 =
1000~ - o 3
[ RS R ! | ! ! ! . 2ooo:~ ’“L¢:f
£ 1.05 o— -
3 1 RS E 1005
38095 t ¢ §097;¢¢¢¢4’¢’¢¢' +"%
50 60 70 80 90 100 110 120 130 140 0,955 g 60 S
th [GeV] m,, [GeV]
| nﬂ;:f"‘“ 172.63 + 0.20 (stat) + 0.67 (syst) + 0.37 (recoil) 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 arXiv:2209.00583
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Summary: indirect measurements

Results obtained with different methods overall in good agreement

ATLAS+CMS Preliminary myop from cross-section measurements
LHCtopWG June 2022
= m,, * tot (stat + syst + theo) Ref.
o(tt) inclusive, NNLO+NNLL
ATLAS, 748 TeV ——— 1729 %5 (1
o o CMS, 748 TeV —— 1738 Y 2
CMS result from 3D cross section is CMS, 13 TeV —— 169.9 57 (01215 1%) @l
. +2.0
the most precise result, to date, but ATLAS, 13 TeV et 1781 3, 4
b . . f | ff d b LHC comb., 7+8 TeV LHCtopwG —_ 173.4 5 [5] I
may be signi icant ya ecte y o(tt+1j) differential, NLO
+2.3 +1.0
threshold effects (can be 1.4 GeV). ATLAS, 7 TeV Hls—H 1737 27 (15414 35) o
CMS, 8 TeV (%) ' - : | 169.9 57 (1.1 57 %) i
. . +1.2 +0.7
® No consensus in theory community AL, S0y et LB S B ) B
. CMS, 13 TeV (*) H— 1729 54 (9]
on the size of the effect = 1 Gierec LG i
ATLAS, n=1, 8 TeV —H—— 173.2+1.6 (0.9 £0.8 +1.2) [10]
CMS, n=3, 13 TeV [ 170.5 +0.8 I |
mkm from top quark decay }!}EPJC 72 :28|4)3\09 :5} éHEF' \03(20(1)5) '32‘0 [11] EPJC 80 (2020) 658
2) JHEP 08 (2016) 029 7] CMS-PAS-TOP-13-006 12 o o
CMS, 7+8 TeV comb. [10] mecmanam  meenow (00T
ATLAS, 748 TeV comb. [11] (5] arXiv:2205.13830 [10] EPJC 77 (2017) 804 * preliminary
{ I (I | l | T - | l | I l Lo | l { W [ [ | I L1 1 1 I 1 1 1 I L1 1
155 160 165 170 175 180 185 190
My, [GeV] 4

Theoretical advances needed
in order to obtain accurate and unambiguous results
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Top mass from boosted jet mass

‘/XCone exclusive algorithm to reconstruct jets and sub-jets
— 1mproved resolution

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

‘/Comparable precision to direct measurements

138 fb' (13 TeV)
1o (13 1oV,

— 0.04

T T T T

& F ome e 1 CMS-PAS-TOP-21-012
. ~  Preliminary = ... m,=169.5 GeV _|
g|g¥oos - == m,=172.5GeV
e A m,=175.5 GeV
0.02 |— G —
- pe==esemes - T ]
= = ]
oco1— —]
o - 1 1 :
>l 15F R 3
'.°5’|8 o‘;E_ i % ------- : ________ : 3 ‘ = =

120 140 160 180 200 220

mj,, [GeV]

m, = 172.76 £ 0.22 (stat) &= 0.57 (exp) = 0.48 (model) =+ 0.24 (theo) GeV
= 172.76 4= 0.81 GeV.

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

Top polarisation THEP 11 (2022) 040

» Unfolded angular distributions to particle level compared to MC

T T T T T

1o aLas e Data ' N z I T REEEIREEDICERAIELIEY
T T eanommee | o f Ts=13TeV, 189107 o0 0 | v Study of BSM effects in Wtb vertex
= ; I * SM prediction |
- g 03_ o 1 v' Unfolded distributions give bounds
i I on Wilson coefficients
o : St ; Consistent with SM prediction

0.; _-——em ........ oo = . -1+ | o L
508060402 0 02 04 06 08 1 -1 05 0 05 1 15 2

cos 6, Ciw
cos O
v' Spin asymmetry measurement
A; = 0.440 + 0.031(stat+exp) & 0.062 (theo) Ay = 0.54 £ 0.16(stat) £ 0.06 (syst)
_ CMs 35.9fb' (13 TeV) e 138167 (13 TeV)
i T et et I ' ] £ 16 CMS il
8 gl ° Data (I exp, | total) 3 14§ Measurement :. { =
g O romeours } oo
o 06 aMC@NLO 5FS E 105~ aMC@NLO, 5FS (s 3
x . . = 8:— - = - //. —
2 o4 Statistically = o e tZq
t_Ch 02k 4 | . 4%. s p§s=63;1% _;
AR dominated £ 1 E
o - prist=iet=i=t===} | L | I _ E s P i 1 i
§ 121 _1+r 4 ; 'i feed %é 15}
-g 0.8: E Eé 1_
R I B | os

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

Parton-level cos(@,)

Parton-level cos 6,
pol
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iy

b

Pred./Data
6 o

0.85
o8
-1

W polarization in top events

v" Probe of Wtb vertex e )
New method in dilepton channel:
mesure absolute and normalised @

differential distributions in cos 6* b

§ OQ_r 13TeV, 139167  ....... PowHe g.mhua(molgm.d)—
0.8 ity

T
ATLAS Prel mmary b O

PowHeg + Pythia8

[ Statistical Un
[:]TotlUuru ly

-0.8-0.6-0.4-0.2 0 0.2 0.4 06 0.8 1
parton level cos(6*)

arXiv:2209.14903

W

W rest frame
£+

ATLAS Preliminary

Theory (NNLO QCD)
PRD &1 (2010) 111503 (R)
ATLAS 2011, >1 lepton, fs=7 TeV, L_=1.04fb"
206 (2012) O

JH
ATLAS 2012, 9|ngle lepton, {s=8 TeV, L, _=20.2 b’
Eur. Phys. J. C (2017) 77, Eur. Phys. J. C (2019) 78

ATLAS 2022, di-lepton, s = 13 TeV, L =139 b’ -

tg fL

—te—

4

total stat

Data (f /f, /f,)

0.6 0.7
W boson helicity fractions

Longitudinal (fo) Right (fr)
w W
- -
b b
a: I L L L L
5 §0 8;_ ATLASPreIimina:y * Unfolded data_g
_IS08 {s=13TeV, 139 fb — Fltfunction -
° 0.73— —
06 :
0.5} ~
0.4f- =
0.3?— *
0.2 =
0.1 f
cj1 95 0 05

0.5 1
parton level cos(6*)

fo= 0.684 +0.015 (stat. + syst.)
f= 0.318 £ 0.008 (stat. + syst.)
fr = —-0.002 + 0.015 (stat. + syst.)

Systematically dominated
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arXiv:2208.02751 Charge aSymmetry In tt arxiv:2208.12095

v' Central-forward in ttbar events LHC e N(Aly|>0)—N(Aly|<0)
, C = N(Aly[>0)+N(A]y|<0)

(Aly| = |yt| = lyzl)

‘Single and dilepton channels

v" No asymmetry at LO

do/dy

v Higher order effects inqg—-> t t

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

» Boosted regime, single lepton channel
* two Mft bins: [750, 900], [900, «] * Resolved and boosted regime

@ A, = 0.0068 + 0.0015(stat+syst.).

13810 (13 TeV) 138" (13 TeV) 1.7 si -
£ 107-"'CIM'S‘ o f Y I s % 107-‘C,MSI o 1VD l i =
§ el sl i i ol —— NNLOQCD + NLOEW ATLAS
i 105._ et Bore [ : i a e Bore [ o015l ———- Ch=05 VE=13TeV, 139 fb" |
E MC tot. unc. E E MC tot. unc. —— Cp=1.0
r F -+ combination
‘05_*"{&% Pl ez*o'?‘es’ 10° L W e o D i Z}Tf;f;fpm"
10'] -; :_‘_—_'_—;_—;_—;_—;_—;_—;_—;%';_:;g:;,: E—
0 112 0 OZ
z gg\m\m\\x\w\\\\\\\\ \\\\\\\\\\@ 3 g&\\\\\\\\\&\\\\\ DM \\N&\\&&&\\Q SN Lbessssoesssssesssenerasssss ssesessoy sttt oS mAESS R RS SPHEASE R AR B AAES
% (20102 [-20] [0.2] [20] [0.2] [2.0] [0.2] [-2, 0] [02][-20) (0.2 g 120 [0.2] [20] [02] [2,0] (02 [-20] [0.2] [-2.0] [0.2] [-2.0] [0.2] Inclusive
0 Alyl={lyHy) 0 Alyl=(lyHy) ATLAS
0.07¢ 100 IV \IJ |uv; 007 | 1001V {10 1€V) o.o8l —— NNLO QCD + NLO EW o
0.06- CMS ¥ Measured AY 006 CMS ¥ Measured A, e =01 Vi TN 139
T T E 0.06f ——: Cp,=1.0
0.05F _ 0055 . ] + binati
o] Prcicted A i Full phase space  Predicted A, 0.04] 4 single-lepton
b ) P: ] = 4+ dilepton H_ .
% 003 Fiducial phase space 3 <o°-°3§ * 3 0.02¢ =i -|-J,
002 E 0025 E 0.00f
001 : 001 + 3
' : " ] —0.02
001 5 00t E —0.04t ]
ok , ] e . ‘ ] < 0.5 [0.5,0.75][0.75,1.0] [1.0,1.5] = 1.5
eS80 750-900 >900 TSR0 750-900 >900 e my; [TeV]
M, (GeV) M, (GeV)
Expect improvement
Good agreement with prediction
g P with additional data

31



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

opt ] _ ~opt :
o (65IAE > 0) — o (6,IAE < 0) Angle between the jet and z-axis
0P (6, |AE > 0) + P (6;|AE < 0) Effect increases with jet pT
Uopt(ej) =0 (@lyisj >0)+0o(r—0j|y;z; <0)

AE(HJ-) =

e S S S S e e S S S S S S S S S S e

U, - .5 T T
[~ 5000:_ATLAS [ fiducial {f non-fiducial _3 > "ATLAS | ' MadGraphs aMC@NLO
q>') — V{s=13TeV, 139 fb™ .B - — -Vs=13 TeV, 139 fb™ —4— Data (stat only)
T} ~ pre-marginalisation ackground - MC Stat+Syst = 2r --4- Data(stat+syst) |
4000 S 5
3000E- R o N ) - 0: -
- ° N0 \ - Y 3
2000F T -2 : .
1000 = —4f .
e o ! _
. 12_ .................................................................................................................................. . | L ; | . -
%8 £ N /4 n/2 3n/4 =
S 5 HMMMIMMIIMIEMIINEIOINENY flrac]
0 83 8 88 &880 Agrees with prediction
RIS SRS PSS SAE[Gev] o o
b 1 g & 1T g § ™ Statistically limited
L4 L %%
j
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Tool to search for new physics:

Search for new physics

v'Many BSM models are expected to involve top quarks
> Possible to perform direct searches for new

resonances and FCNC

v'Use the precise measurements to set a limit on new  t-Hc

operators in an EFT framework

t—Hu
t—=ve
t—yu
t—gc
t—gu
t—Zc

t=Zu

CMS Preliminary Most stringent 95%CL upper limits  €—@
[1] CMS-PAS-TOP-20-007 (*)  [2] JHEP 04 (2016) 035
July 2021 (3] JHEP 02 (2017) 028 [4] CMS-PAS-TOP-17-017 [*)
[5] JHEP 07 (2017) 003 * Preliminary
Each limit assumes that Theory grgdictians =3M 2HDM(FV) EHDM(FC}
all other processes are zero from arXiv:1311.2028 MSSM HPV [l]] RS
- S - — s ]
(1
| —e (1]
et
I
|l L | | Ll | | | e, | L L L |
10 10" 107 107 107 10"

Branching ratio
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CP violation in ttbar arXiv:2205.02314

v" Construct 4 CP-sensitive observables Ars = N(0;>0)—N(0;<0)

: — N(O;>0)+N(0;<0)’
v' Define and measure asymmetry , (G0N C=0)
I =3,6,12,14
_ cms 138 fb™' (13 TeV) CMS 138fb™ (13 TeV)
S 108; T, = Sisteile SR O x "1 e/u,=4 jets (2 b jets)
§ ? + Data .tf(lepton+jets) .tf(dilepton+jets) _% 1__ ,I, A, in e+jets é A', in u+jets
E 1075? i VV+iets .VV .Singlet < i i A'.; in lepton+jets é A'.p in lepton+jets (8 TeV)
& - oy —dg=+3 | |stat® Syst i
o 10°F 0.5
105;g B + ®
ok BRI H
- ¢
10° —0.5_—
O 1.5 i
=
; 1}._.3;.‘.‘.‘."‘.‘.‘.‘.ili60‘.‘-’.’.‘."""5._._._.-O-._."_.'ili.‘.‘."’.’.‘.‘.;
S ost 2 ) 0, o, 0.,
= H =
o 1.2 - T
E I—------=-= . -.“"_"La-._____'l-._..:_=___—-:'_"_"._:- ____________
€ —d.=-3 -d.=+3
m 0.8+ G G
osos a0z o oz os o os 1+ 0.04+0.10 (stat) £ 0.07 (syst)
O,/ m’ [GeV]

In agreement with SM value of zero
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Searches for FCNC JHEP 02 (2022) 169
arxXiv:2208.11415

v" Improved limit by factors 3.3 to Improved limit by x2 from L
5.4 from previous analysis 8 TeV analysis arX1v:2205.02537
oty | B(t > u+g) <0.61x10™ |t S Z|
Expected Observed
w037) t—u
t>uyRH 12003 122 | T — ug
t—cyLH 340731 416 Large impact from systematics
t—cyRH 37071911 446 t = u
B(t - uH), <0.94x 103 |,
Bt Zg) 077 [ B ) <068x107 |t = cZ]
tZu LH 6.2 B(t —» uH). <079 x 103
tZu RH 6.6 B(t —cH) <094 =103 H —bb |t — & |
tZc LH 13 F— o
- B(t — cH) <073 x 107 t s cH
v" Improved limit by factors 3
to 5 from previous analysis | O All searches except tgq

are statistically limited
gained sensitivity by including regions sensitive to couplings in top production and decay
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EFT

EFT fits: multidimensional management problem

o Many Top analysis include and even
designed to provide EFT interpretations

O Global fit is the goal but there are many
steps to go and

» Practical difficulties
» Different statistical methods (IBU vs FBU, PL vs toys, ...)

» Proper treatment of statistical and systematic correlations
» Measurements delivered on different timelines

» Interpretations: different assumptions on “backgrounds”
— EFT effects - Hard without coordination!

» Signal model :
- SMEFT@LO or @NLO?
- Which operators?

- Linear/quadratic terms?
= EFT uncertainties and validity constraints

: top EW
(f_ Diboson ﬁ j

(o

C
s tTV ﬂ\
rCH[] CHt
CHWB HD Cll (1)
o Co. €9 o | ] G
Cuw (850 | |l A
g% 68 gy, Cus
Cue & vy oz
C. | 2 EWPO il
Con Ce Cl O3 C3, O,
Con Cha O @ ¢
tT j

-

HEPDat w

Higgs

« UnfoldEFT »

« RecoEFT »
Parton-level JParticle-level
LY L4
- >~ ’
\ = »

» Run 3 is a good opportunity to solve these

issues and perform a global fit across

-
Idealistic .
.
.. EFT20bs

"4 * s

LHC EFT WG

. Realistic
’
L4

Credit: Ravina+Skovpen

different physics groups and experiments
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Run3 started! CMS-PAS-TOP-22-012

\

Top quark is still there!

Data yp to 2?22-11-‘24 i i ‘ 2q22 (pp|13.6 TgVJ
. . . CcMS BN LHC Delivered: 39.29 fb !
v Allows to exercise the analysis chain and a0 Online = CMS Recorded: 36.03

validate the performance of all components

w
o

~33M top pairs

Total integrated luminosity (fb )

= n 20
% ATLAS Preliminary & Dt
o = -1 =
Vs = 13.6 TeV, 790 pb [ tT Powheg+Pythia 8
o 10° oS B SingleTop tW-chan
= E B Zejets 3 10}
-— = e Diboson =1
tlc) B * Bl Mis-ID leptons -
Lﬁ 10° - [ Uncertainty —
- E K K . ’ ’ ! - — - -
W W 0% p®  ge®  e® ot of o o
10° _E E_ '\6 0 33 I ,qu P A0 'lb‘ ? 7 6\\ .\'0_,“
F , . CMS PFreii......., Date (UTC) e o TeV
e ¥ <
- 1.51 S RS ;*- < 4 data mtf single top = Wajets
< E e R g o5 Sy g S Sy “+ ) non-prompt mm Drell-Yan mm diboson gz uncertainty
5 %50 50 160 150 200 250 300 s
Electron p_[GeV] &
800 T T T T T T T
8 = ATLAS Preliminary B o Data
I=1 700 Vs = 13.6 TeV, 790 pb [ 17 Powheg+Pythia 8
e B S Te tW-cha,
Z 600 os -z:;g:: i
) ep Diboson
o 500 B Mis-ID leptons
ol L =) e (20) | mn (1b) Wi (20) |ep(0b) |em(ib) e (2b) |esjets(1b) [esjets (20) [p+jets (1b) | ujets (2b)
olQ 4
; 15 Ola
E 1 P % -é 12 / / ,
= 7 g .
r- TR - o e v E N 722772, 477722, 1772 22 2477727, 22,57 /1! PP 7277//%" /
S 225 -2 -15 -1 -05 0 0.5 1 15 2 25 4 4 4/ ///'/ V v, ///74 74 //// THHH
Electron n 0sH ' 7
06 t
. ~ .
\/ ASSU| | ||ng 250/fb per exper” | |ent at 13.6 TeV“ R R
2223228225328 8>228 2205200820080 0032007%0233
TN+ AN®+T NMFN®+ N FE N FND FOTO +OFTW OO0 +OF WO+
< < < < « < < ©o © © ©

v And cross section ~920 pb (tt) + ~330 pb (t)
v" Run 3 will provide twice more ttbar and single o = 887153 (stat + sys) & 53(lumi) pb
top data sets
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Summary

v' CMS and ATLAS 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" 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?

» 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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OPERATORS AND PHYSICS IMPLICATIONS

SMEFT 1 1
!
Lagrangian L = ,.C,.q,sp.,,] + A Ls + A2 1:@, + A AC A — L Al Eg + .
SL#0 §B#0 SL#0
Operators — Ou i(6D,0)(fr1"br) +he. O i(G0" tr) 6 By +he.  Opyy  i(0'Dumid) @y r'ar)  Og (G vear)(@ar)
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i - b . b t | !
] W t t t t |
' Parametrized - C: c? C;
c S j j i Ck
_ o — 4 S1:— + S,.—+— + |
predictions N (Az) 0 ; 1 A2 ; 2 A4 ;Ek 3k A2 A2
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Differential and double-differential 6(tt ) in lepton + jets<iv:2108.02803

v’ High precision measurement of differential and double-  zwn®es 7Bl ooofedt oottt
resolved resolved

differential CI‘OSS Sections reconstruction  reconstruction \ /
v" For the first time the full spectra of differential cross s

using template fit of HNN

sections are determined _—

separate for e and u channels

-- combine of resolved and boosted tt topologies

Combination fit of cross sections

137 " (13 TeV) 137 o™ (13 Tev)
L] (4]
g e [T, oSO PO R B S . PPN . TITSENPHTNTINN  T TR SIS SN AR K 2
q efu+ets L 4 <] e/utjets ¥ +
UOJ 5 —- CMS ................. PartOn [@VE] - eesemmeeimniin i A |8 5 CMS - - Particle level ---ooooeeee T S S
N R N °
A e Arereeeaee e B s e L [ETTITIIIEPCLR 4 e e
+ A + + +
3 7 | . * 'Y . - .
A " N i P . v
T 8 2 iests’ normalized differential cross sections
: Ll
4" POWHEG P8 (CP5) POWHEG H7 (CH3)  + MG P8 (CP5)  Rarea(CPS) v EOWHES P )
s 4 POWHEGP8(T4) 4 MATRIX _57| AN I Y S s e Ay |
-6
Y S P3¢ 5D *rEEESLSCLO0E xS Bz B8
T2 Fd D 2 FEE E S L xE L o8 e ad=s 2259 ETE TEEFaLE T 2 FE g
ddgs 23949 EaE gs gL dE oD & S¢ g lesded E gd g
a = S g ¢ ° 4 4 2 ¢ ¢ 2 fsg e = 222
> e ez =8 2 T EEETETE > 283
T EEETEE G =-EF-° £3%

Most of the predictions are in good agreement with the measurement, except:
» M(tt) vs. pT(th) and pT(tt ) vs. pT(th) shows largest disagreements.
» At particle level add. jets vs. kinematic observable are difficult to describe by NLO.

Inclusive cross section: 791 + 1 (stat.) + 21 (syst.) + 14 (lumi.) pb
v" most precise measurement in lepton + jets channel
v" Dominanted by: JES and b-tagging
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ttcc/bb and ttjj production

» Test the state-of-art predictions at NLO

* Irreducible background to ttH, H — bb

« tthb and ttjj measurement

from a 2D discriminant

 PowhegPythia8 and MG _aMC@NLO+Pythia8

provide the best description

* First measurement of téc € production
* Simultaneous extraction of 0,5y, 0¢iccand oy

using a template fit procedure
CMS 35907 (13 Tev)

0ty and oz /0555 €xtracted simultaneously

0.8

0.6

0.4

b tagging discriminant (2“d additional jet)

PLB 820 (2021)
136565
oMU, (2020) 1 26rey

—0.04

Lepton+jets

tiLF —0.03

0 0.2

0.4
b tagging discriminant (1** additional jet)

0.6 0.8 1

451" (13 TeV)
Full phase space (FPS} B CMS + Best flt — 68% CL
jet - o' . .
o n o Py >20GeV 3} Fiducial phase space ¢ POWHEG - 95% CL
Lepton+jet:
Pem - ¢ MADGRAPH5 aMC@NLO L. .
| Wessuroment i Precision dominated
Stat. Total — [ .
& | . | 1 2 T by : MC modelling,
. | " e o 2 JES, c-tagging
PYTHIAS B
MG_aMC@NLO + e, T
—— —— —_—— PYTHIAB 5FS [FxFx] o T __#*___ ------
POWHEG +
HERWIG++ I
I\l\l Ill\ll IIIHlIIIIlI\IlIIIIII 1 I L ‘ 1 | 1 I I L ‘
0.01 0.02 0.03 150 200 250 300 350 2 3 4 5 6 1 2 3
FPS FPS 4 CMS (2015)
tTobijj th'j] [pb] G::?PbSE [Pb] R [o] [o/ °]
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VvV

v

Background estimation, JES and modeling

Measured (expected) signal strength:

tW production in {+jets

Categories based on jet multiplicity and 1 b-tagged jet:
2J1T (W+Jets). 3J1T (tw Signal region) and 4J1T

(ttbar)
Data-driven background

One BDT is trained per lepton flavor in signal (3J1T)

region and evaluation in all regions

Simultaneous ML fit performed in all categories using

BDT discriminants
Dominant uncertainty:

p=1.24+0.18 (1.00 + 0.17)

Cross section:

O, = 89 4 (stat.) + 12 (syst.) pb

Ogy= /24 pb

v" Observed (expected) significance is
7.4 (6.8) standard deviations

discriminant bin)
S
o
o
O

CMS Preliminary

CMS-PAS-TOP-20-002

3. 9 fb (13TeV)

F e Data

- tw
[:] W+|ets

- Z+jets

F [JSingle top
C [ZTotal unc.

S uchannel 31—

P O G ) I T [ (o ) O O O O [

CMS Pr

6 8 10 12 14 16 18
BDT Discriminant

eliminary 35 9 fb (1 3TeV)

e Data

- tw
[ @ V_V+iets

L mvv
Il Z+jets

| EZATotal unc.

LN L ) L

- [JSingle top

e
echannel 4]

v g g g D by gy | gyl i e s Lyn By

6 8 10 12 14 16 18 20
BDT Discriminant

First observation of tW production in (+jets
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Inclusive and differential tZq

v" Full run2 dataset
v" 3 leptons with improved lepton MVA

CMS-PAS-TOP-20-010

z L~z
f“"‘fr
t b - ~J1-; -t
T w

v’ constraining nonprompt background 1 P RTS T
v" multiclass NN or BDT

Inclusive t7g cross-section:

Oizq = 87.9 173 (stat) {5 (syst) fb .

Improvement 30%
w.r.t.earlier measurements

[C1Multiboson %z Uncertainty.

600

138 ib” (13 TeV)
PERERESEEMEMEEMMENMEMDSLL L AL MR LB S
800 F CMS Preliminary ¢ Data Il tZq =
= ) ) mmttz Wz E
700 =1blet =2 jets [ Nonprompt [ #{H)X =
= [ ZZH = Xy E

3
7

Number of events / 0.13 units

1UUE
0

15 - Stat. 'uncert'ainty i i 3
: 1 i o 2 & . ' 9 . . & 2, r E
2 # w g

0.5 E

Data / Pred.

03—6& 06 04 02 0 02 04 06 08 1
Event BDT discriminant

Partial tZq cross-sections:

Tizqer) = 622 737 (stat) 137 (syst) fb,

Oizq(er) = 261 12 (stat) 139 (syst) fb,

R = 237 102 (stat) 1337 (syst) .

First time!

Spin asymmetry:

A, = 0.58 10 (stat) £0.06 (syst) .

Agreement with SM prediction:

I1381|b"(13‘TeV)

18- T T T T
16 ¢ Measurement

F | *syst.

14— 22 aMC@NLO, 4FS

dofd cos(@,y) [fb]
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10—
8;
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= \\\\3\\%\\\\\
P i N A =0.58+0.16

S ewss

i }

0.5
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Differential tZqg cross-section:
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T T
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‘8 [ CMS PFreliminary i Measurement 7
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In general, observe good agreement
between measurement and prediction.
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Rare top production: ttV
JHEP 03 (2020) 056

» Targets 3 or 4 isolated lepton channel with Z to [*1-
» Inclusive cross section already systematic limited

o(ttZ) = 0.95 + 0.05 (stat) £ 0.06 (syst) pb

ttZ production

» Dominated by signal/background MC modelling

> Differential cross sections are measured fist time
CMS

7757 (13 TeVv)
I

10° _ -
£ 's pata Mz ! lt(t)XI ‘ iwi ' ' 'xY
[<5}
B 100 BWzz Rare Nonprompt 77 Uncertainty
G : 3 leptons : i 4 leptons
£ 100 ; o= ; N, > 1 LN 22
=] » :
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2 :
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10 : =¥
E E —
1 = [ | | [ |
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23 - Stat. .
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= NJ : . NJ : Nl : Nb
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= L L B T LA B L B ==, L 1
3 o i Data ] N 300 7
] L aMC@NLO g { I :
oal ] s > NLO + NNLL ﬁ 200:_ { %
5 i}i A S i
) © [
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© r # Data 1
‘ e e [ aMC@NLO 1
« Ot L L B LA s e B MR IR I L ,
&3k E @ O+
UL L seog g o L
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3 F . -~ F ke +
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cOs 07

arXiv: 2107.01508
tty production

v" Measured in lepton+iets channel
800 + 46 (syst) = 7 (stat) fb.
v" Precision limited by MC modelling
v' Differential cross sections measured
in several kinematic observables
v Good agreement with SM prediction

CMS Preliminary 137 fb "' (13 TeV)
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Top quarks in t-channel are strongly polarised

I

Top polarisation

t-quark along spectator
quark direction

anti-t opposite incoming
quark direction

P, +0.01 +£0.18 (+0.02)
P, -0.02 £020 (0.03)
P, ~0.029 £ 0.027 (+0.011)
P!, —0.007 £ 0.051 (+0.017)
P, +0.91 +£0.10 (+0.02)
P, —0.79 £0.16 (+0.03)

Template fit result: strong polarisation along z-axis

Polarised along spectator quark

dominant sub-process
u (Ei)éf
W
b £ b
i d @
b t b

Events

Data / Pred.

25000

20000

10000}

15000F

Signal regions defined by sign of cos 8;; and lepton charge

cl

F T T T T T T T

I— Post-Fit

T

I ATLAS ¢ Data [[Jt-channel 7
- Vs=13TeV,139fb”" [t tW, s-ch [IW-jets
[ Signal Region [1Z+jets, vV M others
[ top quark [l Multijet 72 Uncertainty

Polarised along the beam axis




Machine learning in Top

Conclusions

® ML has significant role in top physics!

® Wide array of strategies and applications, very active field of research

® CMS example [CMS-TOP-21-001]
® ATLAS example [ATLAS-CONF-2022-049]
® Many new developments on-going

® DCTR [PhysRevD.101.091901]
® But also much more! E.g. [TOP22, M. Fenton]

Inputs

@90

) @
@ e

“NN-SM”

_ Probability of
hypothesis



Search for CP Violation

» CP violation in SM is insufficient to describe the matter-antimatter asymmetry of the universe

CMS-PAS-TOP-20-005

> In the SM, CPV in the production and decay of top quark pairs is predicted to be very small

> Simple CP odd observables N(O; >0) — N(O; < 0)

"7 N(O; >0)+N(0; < 0)’

» chromo-electric dipole moment (CEDM) of top quark in top pair production induces CPV
. i 1y, =4jets (2bjets) 137fb™ (13 TeV)
v' Lepton + jets final states [137 fb-1] S 200F ems | s omm T3
;;_ ::g Preliminary ﬁ'semi-leptonic enriched :g
v Observables; O3, Og, O12and O44 % 140 — (i oo E
£ 120 Syst. =
v' Top quark and antiquark candidates are reconstructed usin¢ & s 3
a x2 sorting algorithm - :
v" The background contribution in the signal region is estimate g 7 S
: e 5 fF R —
from a fit to the mass distribution OBl e e,

M, [GeV]

1lep, =4 jets (2 b jets ) 137fb™ (13 TeV)
T

< I | T ]
] ] L . . PE: 58 i CMS A A inedets v Al inp+ets ]
» There is no significant evidence of CPV in each observable I I
. : . E T ]
» Consistent with the SM prediction 7 o4E E
0.2 } —
] bt E
Acp(%) -0.2f- { { { { -
e+ jets U+ jets Combined oaF v E
O3 —0.071+0.149(stat.) 502 —0.035 £+ 0.120(stat.) 3022 (syst.)  —0.048 == 0.094(stat.) "3 9¢ (syst.) F ]
05 —0.1670.149(stat) 0977 —0.111 £ 0.120(stat.) *0%2(syst)  —0.131 % 0.094(stat.) 0% (syst.) =R E
Op,  —0.039 + 0.149(stat.) 0056 +0.163 £ 0.120(stat.) 4 B8 (syst.)  +0.090 + 0.094(stat.) 0% (syst.) s E
- 1

Oy —0.186 +0.149(stat.) ") 072 —0.162 + 0.120(stat.) t0 337 (syst.)  —0.171 £ 0.094(stat.)*) 333 (syst.) =l o, o, — o, O
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Measurement of the y!

v" Measure the Yukawa (y') coupling in tt production.

v Exploit the large effect that the radiation of a virtual H bosc
v’ tt predictions for different values of y' obtained as event-based mx

HATHOR:

v' Applied on POWHEG predictions

REW(MtEa Aytf) =

9 2000900990

9 \ 0000000000 /

d2
OHATHOR

9
d"oL0 Qcp

|
—_

dMg dAy

v The comparison with an additive approach is taken as uncertainty

/dM,)

(doy /My, (do,,

/day,)

(do, /dAy, )/ (doy,

CMS HATHOR Preliminary

reconstructed
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CMS HATHOR Preliminary
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105 +Y,=2
E +Y, =1
1.04F- +Y, =0
1.03f
1ef

v Event collected in the diletopn channel, >=2bjets

/

v" Variables used based on partial system reconstruction: M (I*H-+2 bjets)and

PRD 102 (2020) 09363

dy,, : requires the correct matching of b and 1
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tt forward-backward asymmetry JHEP 06 (2020) 146

NLO interference terms in tt production from qq initial state creates a forward-backward asymmetry.

A o(c*>0) —o(c*<O)
FB ™ o(c* > 0) + o(c* < 0)

Quantity never measured before @LHC, where the charge asymmetry is measured as a proxy
Use variables sensitive to the difference between qq, g and gg initial state to build templates and separate the
qq

E‘Z'J;';meé;m:f"l 7“”?'” Cice >~z and chromomBgRgiig dpPledctainiithe 1+jets channel

Foy B A " . v" Both resolved and boosted topologies.
R - v’ Profile likelihood-fit to the 3D template to extract

T T T ] c; e i e U‘-zlh.‘é'a [ AFB and the anomalous moments Separately

R e e ERRES e YpePmriets (SR 85917 (18 Tev)
E E o — S 5000 CMS _ 3
k R = - + Data qg — tt 3
oe - 5 - Em gg 1l Other t quark & Z/y+jets |
DA— il L — _ W+jets Multijet -
': } momd MC uncertainty Ix, | bin edges _
"'2; J m, bin edges ————— <, =0 points B
m1g|31[2£guj]u O 562 03 6l 08 0 b as ‘6'5“';;‘1 E
35.9 fb' (13 TeV) 7
E E i T T T | T T T | T T T ‘ T T T | T T 1 | i i
<< ggh " Median MC values CMS - =
B MR E e R
E ’ B i-2 © . o B [ e 1+ '3'$ - '.4|0Tt Tb4';
QuA - = Fltted deta - forward-backward asymmetry empiate Bn
0.2? f A“} — 0.048 "'g gg‘?.(stat} "'B g% (syst).
oF T L - chromomagnetic moments
r ] 0.013 0.016
—0.2} ] f, = —0.0247 55 (stat) Tory (syst),
-0.4[ 4 anomalous chromoelectric
—0.6[ | | | | = ||d¢| < 0.03 at 95% confidence level.
04 02 0 02 04 0.6 . . .
input A" Consistent with the SM and previous CMS results
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W polarization in ATLAS
and CMS

JHEP 08 (2020) 051

LAJé.AS\JgMS Is=8TeV S
. . b b . top total stat
v" Combination of the W boson polarization in top m— e 00 7 "
quark decays, on Runl(8 TeV, 20fb!) data. e DEEF
v" W boson polarization determined by the V-A | S . L.,
structure Of the th Vertex :;037;::127;its L Im— 19.8 10" HetH HaH P
PLB 762 (2016) 512 nt
1 dr B 3 . 3 L 3 o ghél?egggge)%:jzels, le=19.sfb" HH HaH
deOS 0+ N Z (l R - ) FO ( g (1 B COSG ) FL ¥ g (1 ¥ COSG ) FR %@fﬁ%i%@gletop, L‘m=19‘7fb’1 | H——H
ATLAS+CMS, Vs =8 TeV =]
;CC 0.1_| T[T rrr[rrrt LI L I L L L B LHCtopWG | | | | | | 1 | | | 1 | 1 ! |
C ane: V. = _0 4 0 0.2 0.4 0.6 0.8
\CD/ 008:— ‘I_AFLI;Q)?I*(.}CMS Assumpt|onsA VL . VR_ 0_: W boson polarization fractions
& 0061 F=8Tev ATLAS, Hm:gx? w4 » Combination of the polarization fractions from 4
- +BestFit ] measurements
0-04:— [168%CL
= 9%5%CL - . .
002f- W% 1 v/ Combination Improvement > 20% wrt the most
- CMS,L =197 3 i
0F i " BestFi ] precise measurement
002 “ 0 4 v Measurement used to set limits on the anomalous
-0 N/ = coupling in the tWb vertex
C ATLAS+CMS
-0.06— *BestFit
0,081 ﬁgﬁjgt = 95% CL interval
01:I | | 1111 | I S | | 2 IBE) I | | I | | B8 S | I I | | L 11 | I: Couplillg ATLAS CNIS ATLAS+CN{S Combination
0 01 005 0 005 01 015 02 Re(Vk) | [<0.17,0.25] | [<0.12,0.16] | [—0.11,0.16]
Re(g ) Re(gr,) | [-0.11,0.08] | [-0.09,0.06] | [—0.08,0.05]
' Re(gg) | [-0.03,0.06] | [—0.06,0.01] | [—0.04,0.02]
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Mass measurement in single top events

v" BDT discriminator and cut optimization
v Data-driven QCD is subtracted from the data 2
v' Simultaneous ML fit using y = In(m,) distributions in x %
and e final states, validated in control region E
L
F(Y) =t n Froany 5 Y0) + Frop Frop(y 5 Yo) + TewicFewk(Y)

><10:3

CMS-PAS-TOP-19-009

35.9 b7 (13 TeV)

CMS Preliminary
I*, 2J1T

® Data (QCD subtracted)

Wtch
[t tw, s ch.
BV +jets, W

1 1 l

“|stat + profiled syst

Yoo fieens Tro " and fi,, are allowed to float during the fit -
- x10® . 35.9 o' (18 Tev :
S [ cMS Preliminary @® Data )
£ gof 44 2T Btch 1
o L [, tw, s ch.
BV +jets, vV ]
Caco mass results:
i ) stat@s?/st
- Sttt Sub GeV precision
e m, = 172.13 + 0.32 (stat + prof) 705 (syst) GeV = 172.13107¢ GeV
3 05 0 0.5 e onse1 097 1.04
S BDTF“(’) my = 172.62 £ 037 (stat + prof) 7y ¢ (syst) GeV = 1726277z GeV,
E’ (iMS o s 4 —&— stat + profiled syst l - — +1'32 —_— +1‘44
goo FAT o J iy = 171.79 £ 0.58 (stat + prof) ™35 (syst) GeV = 171797, = GeV.
g s ol . | Masses ratio and difference (a check for CPT
» — _ M _ +0002 — (10g=+0.005 o o
17 | Ru =, = 09950004 (stat+ prof) Gk (yst) = 099500 precision limited by
Y I N I S | — : JES and modelling
= L = BDT selection threshold 1

A =~ ;= 083 £ 069 stat + prof)

-074

syt GeV =087} GeV‘
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Search for FCNC in the top sector

» Flavor changing neutral currents (FCNC) allow for transitions between quarks of

different flavor but same electric charge

» FCNC processes are highly suppressed in the SM due to the GIM mechanism

> Small contributions appear at one loop level

» Many extensions of the SM predict the presence of FCNC and give rise to detectable

FCNC amplitude

SM QS 9HDM  FC 2HDM MSSM R SUSY
t—uZ 8x10717 1.1x107¢ - - 2x 1079 3x107°
t—uy 37x107% 75x107° -~ - 2x107% 1x10°°
t—ug 37x1071% 15x10°7 - - 8x 107 2x10™*
t—uH 2x1077 41x107° 55x107° - 107° ~1076
t—cZ 1x107% 11x107* ~1077  ~10710 2x107% 3x107°
t—scy 46x107% 75x107°  ~107° ~107%  2x10°% 1x10°®
t—cg 46x1072 15x1077 ~1074 ~107%  8x10™® 2x107*
t—cH 3x107® 41x107° 15x107° ~107° 107 ~107F

Branching ratios for top FCN decays in the SM, models with @ = 2/3 quark singlets
(QS), a general 2HDM, a flavour-conserving (FC) 2HDM, in the MSSM and with R

parity violating SUSY.

-

e

Any evidence of
FCNC will indicate
the existence of new

physics

~

/
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Search for FCNC tHq interaction by CMS-PAS-TOP-20-007

> SigHWWIing: effective Lagrangian

_ &= L R
L= q:Eu,c e (FHqPL + FHqPR) qH +hec,,

> Production & decay

> T
S

CMS Preliminary 137 o' {13 TeV) CMS Preliminary 137 fb’ (13 TeV)

E T T T T T T Bl T T T T T T T
> Signal regions: 2 photons, 100 < m,< 180 O e 125,36 GV S8y wagnied ] o T 2536 Gev SIS B wogniod
/ YY 120 BF(t — Hc) = 0.051% ¢ Data B

100 BF(t — Hu) = 0.031% + Data

GeV : e e
_ _ . = ] - =
> leptonic: =21 jet, 211

S/(S+B) Weighted Events / GeV
S/(S+B) Weighted Events / GeV

» hadronic: 23 jet, 21 b-jet ok

> Strategy ;:E: + + + Bmmponsntsubtramedz 0
"2 t =
> 8BDTs: (u, c) x(ep, had) x (res, non-res bkg) AL |

my, (GeV)

» 7 categories defined by BDT score
> 14 my, distributions to fit

187 fb (13 TeV)

137 1 (13 TeV)

e ol |2 " 50 UpporLimis |
—omme B
> Dominant uncertainties: ;::I . ;;'j’l ]
b-tagging and y identification 1 1
» Data compatible with absence of signal

» Upper limits on the signal cross sections are
translated to the strength of the tqH anomalous ] ]
couplings and related branching fractions S S— T T

BF (t — Hu) (%)
> B(t—Hu) < 1.9x104(exp. 3.1x104)

> Upper limits > B(t—Hc) < 7.3x104(exp. 5.1x104)

KHut

95



Search for FCNC tHq interaction by CMS-PAS-TOP-19-002
> ProJILl’iUT‘hbiecay %0 e

b

‘ \\
. . . . 8
> Signal region: 1t , 23 jet, 22 b-jet ;wmm L ase
. >
> A deep neural network is used to associate the reconstructed objects to “F -l
i . . CMS Preliminary 101 fb' at Vs =13 TeV
the matrix-element partonic final state 5 sl s Tt B Moner
. . . . € r [OJHct - Data Unc. > ]
» BDTs are used to distinguish the signal from the background event @ 4000 P 3
> All bjet-jet categories are combined s 1 E
> No significant excess with respect to the SM background expectations: |
1000
95% CL limits are set on the xs, couplings and BRs 3
g ::i T T T T T T T T T _;
> Significant improve with respect to the early run-2 search .
R T B 7 MY T
CMS Preliminary 137.2 b (13 TeV) UNIS  VVOIK i1 Progress 15/.2 10 B\?I ISg‘(’))re
CMS Preliminary 137.2 b (13 TeV) ke ELRES RSN KOS B S B R '\?0-25_""|""1 R B
fg a I ! J ! E ¥ 0141~ 95% CL upper limits 1 = L 95% CL upper limits -
C ity Hut : P s Bt » g dov.
L = EXpec:eg: ; s:: :ev?a:?ons ] 0.12 — Observed 1 1 02— ___ Observed ]
1 E — o):;::veedz std. deviations E 01:_ _: % : :
L - 1 015 -
10g I 5 : :
e z ; : ;
e - g : ;
: = ; ; :
107 E 3 F
E | | | | & = | | | P I._§=) |

006 008 04 012 014 0 0.05 0.1 0.15 02 025
K Hut B(t— Hu) (%)

» B(t—Hu) < 7.9 x104(exp: 11x104)
> B(t—Hc) < 9 .4x104%exp: 8.6x104)

0.02 0.04

o

|
b2j3 b2j4 Db3j3 b3j4 b4j4 all

»Upper limits:
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Search for CLFV interactions CMS-PAS-TOP-19-006

In the SM, lepton flavor is conserved in all interactions
Many new physics models predict sizable CLFV (neutrino mass, multi-Higgs doublet models,...)
If the new physics responsible for the CLFV is at scales beyond what the LHC can directly probe, the SM

Lagrangian can be extended by dimension-6 operators £ =By + Beg= LY. % O, +...,

_ _ Production Deca’il
Search for CLFV in eu final state [137 fb-1]

Production & decay
Signal: CLFV vector, scalar and tensor
BDT is used to discriminate signal from BG events

Data consistent with SM expectation
v Upper limits are set at 95% CL

.- CMS Preliminary 137 b (13 TeV) CMS Preliminary 137 fb™ (13 TeV)
= T T T T T T T T T T T L T T T T T T T T T T T T T T T T T T T T T 7T T T T T T T T T
=) B ¢ Data [ ] C_)thers A L -
5 . eu->1b WY e, T or (oute) x 10 S Y S S S 95% CL EXCLUDED REGION ]
[t LFV-Vector (eutu) X o
o | cLFV
| - | Vector [
= | Scalar H
| Tensor H
iy :
= ]
- : 1
O el R o s R N S -
% e g @ L 7
o 02 04 06 08 % 01 o2 03 04 05 06

BDT discriminant

B(t— euu ) x 10°
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Asymmetry in tty and ttW

tty

Asymmetry from ISR/FSR interference

Similar definition as in tt
Much lower statistics, 2 bins

\ 8 | | Y. I T T T ‘ \ B I S R Wl A A I | T T T I T T T l [ T S )
ATLAS Preliminary
Vs =13 TeV, 139 fb™

@ tty production
@ Prompt vy

W e-fake vy

-~ Uncertainty

Opn = 0.6
Post-Fit

[JFake lepton

i

Data/Pred.

3 2
Iy, - Iy,

A .= -0.006 * 0.024(stat) £ 0.018(syst)

in agreement with prediction from MG5aMC

A_=-0.014 £ 0.001(scale)

ttW

Expected to be larger than in tt due qq initial stat
3-lepton channel, lepton as proxy for top

2 200fF ' T
g ATLAS Preliminary ¢ Data ftw (QcD)
180F (5o 13Tev, 139 16" Wz Non-prompt HF,
[ v-conversions [l (TH

160 SR summary

E Postit wz/zZ + jets [l Other

g

oo i

8 8§ 8 8

DO oD

Data / Pred.
oo ana

N cde 4 //f////b//////,f///_.
NS L

//-/‘f»‘//-/4///(9‘///7/7/-1///-/‘///}-/‘////7‘/&//-/‘///7&4///7’-/‘/;+/7’-////»’-f///

T
W v (EW)

Non-prompt HF“ 7
W zq

“/7 Uncertainty

S/q_, SA. P SA. 1 S
b'IOW 4; b‘/o;,, m b‘hlgh W
s dpy- %85 4 n* Yo

ls1 4,,\ ls1 4,,‘

Ris, SR SRy SRz, SRy,
hi Oloy, Oloy, “hi h
o, Vs L e

4y s 4,]\

Fiducial result unfolded to particle-
A.=-0.112 1 0.170 (stat) + 0.055 (syst)

in agreement with Sherpa NLO+EW simulation

Statistically dominated analyses, Run 3 data will help
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