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Heaviest known elementary particle: m;,, ~ 173 GeV from measurements
> Sensitive to EWSB mechanism and vacuum stability through radiative corrections

Top quarks produced in abundance @LHC = precision measurements

> predominantly in pairs (tt) via strong interaction (= 10 Hz @ 13 TeV )
> alternatively, singly through electroweak interaction (=1 Hz @ 13 TeV )

Unique behavior : Decays ( Tgecay = 107° s ) before hadronization ( T,,4, = 107%* s )
> Access to bare quark properties = spin-polarization

Test of perturbative QCD at NLO or NNLO precision (fixed-order)

pole

Constrains proton PDFs, strong coupling, m,

Access to CKM element |Vi| via tWb vertex at production and decay in the
electroweak production mode

Window to New Physics via anomalous / EFT couplings

Constitutes dominant background to multiple BSM resonance searches

This talk focuses mostly on the selected results from the latest measurements
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Theoretical uncertainties shown here correspond to
Ur and ur scale, PDF and the strong coupling
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Single top quark production

t-channel (~ 73% at LHC) tW (~ 24% at LHC)
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- ATLAS+CMS Preliminary t-channel
LHCtopWG B ATLAS PRD90(2014)112006, EPJC 77 (2017)531, JHEP 04 (2017)086

® CMS JHEP12(2012)035, JHEP 06 (2014)090, arXiv:1812.10514

Single top-quark production ¢ ATLAS+CMS .repos 2019085
September 2019 W

B ATLAS PLB716(2012)142, JHEP01(2016)064, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL 112 (2014) 231802, JHEP 10(2018) 117

B % t-channel } ¢ ATLAS+CMS uHeros (2019)088 B
B "'h';" ; s-channel i

Vs o (NLO ow .on (NLO
Oton. { ) (approx. NNLO) Os-on. | )

—

o
[\
|

B ATLAS PLB756(2016)228
® CMS UHEP09(2016)027
¢ ATLAS+CMS uHerPos (2019)088

Inclusive cross-section [pb]

7TeV | 63.9732pb(4.5%) [15.7 £ 1.2pb (7.6%)| 4.3 £0.2pb (4.7%)

n - = = NNLO PLB 736(2014) 58 ? ]

tW scale uncertainty
8 TeV 8471_%% pb (44%) 22.4 + 15 pb (67%) 52 + 02 pb (39%) i } | I_" ﬂ - == NLO+NNLL PRD83(2011)091503,

[e10] ‘lels

PRD 82 (2010) 054018, PRD 81(2010) 054028

Selo & POF & o nesrainy
10 = ! i —
13 TeV |217.0120pb (4.1%)| 71.7 = 3.8 pb (5.3%)| 10.3 £ 0.4 pb (3.9%) ; ! Tt e cremeoT -
: - _| -_-_I _ s-channel CT10nlo, MSTW2008nlo, NNPDF2 3rilo .
| . n . . - tSV(\:Ia |IoeT \::]t(c:) ef:tr atitnrtemoval=60 GeV and uF=65 GeV _
Theory Uncertalntles due tO HR and HF Scale, PDF i | | scale@PDF@};suncertainty |
7 8 13

and the strong coupling (s [TeV]

https://twiki.cern.ch/twiki/bin/view/L HCPhysics/L HCTopWGSummaryPlots
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More detalils in the

talk by M. Owen
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m; and electroweak symmetry
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0.08 ; 30 bands in i
. . . . . - M, =173.3 £ 0.8 GeV (gray)
~ Ap receives radiative corrections from all SM particles > mostly from top R &3 (M) = 0.1184 = 0.0007(red) _
~ 006 \ M, = 125.1 + 0.2 GeV (blue) -
4 .%D i )\ \ .
Y y 5 = 004+ . arXiv:1205.6497 .
----------- Ag(p) = Ag(v) — > 2 log — s |
27TV V % 0.02 -
= 000!
- Evolve Ay up to Planck scale (~10°*Gey) —/4——————owo— S
> Knowing the m, accurately might just reveal the fate of our universe Rt . w0 =018
i M, = 756GV
-0.04 - Ll

o Am; =m; - my > test of CPT invariance = Lorentz symmetry 2 100 105 105 100 107 104 1016 1018 100

5 RGE scale u in GeV



Direct measurements

Summary of m; measurements (so far)

Indirect measurements

> ' pole : :

m, reconstructed from daughters = running mass > mP°® determined from cross section measurements
ATLAS+CMS Preliminary Mo, SUMMary,is = 7-13 TeV  May 2019 ATLAS+CMS Preliminary My, from cross-section measurements
LHCtopWG LHCIopWG Sep 2019

------- World comb. (Mar 2014) [2] t:t I :t ’; — tota:l S:twe‘l'[: ! My + tot (stat = syst + theo) Ref.
stat otal sta
total uncertainty _ M, = total (stat= syst) s Ref. O(tf) inclusive, NNLO+NNLL o5
LHC comb. (Sep 2013) LHClopWG 84— 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1] ATLAS, 7+8 TeV : — 1729 5% [1]
World comb. (Mar 2014) |—|+|—| 173.34 = 0.76 (0.36 + 0.67) 1.96-7 TeV [2] CMS, 7+8 TeV — e 1738 :'-11.;87 2]
ATLAS, l+jets H—=— 172.33= 1.27 (0.75+ 1.02) 7 TeV [3] . . +1.9 +1.0
ATLAS, dilepton —f—=—— 173.79 = 1.41 (0.54+ 1.30) 7 TeV [3] CMS, 13 TeV : — 169.9 ;22.10 (0.1£1.5 45) [3]
ATLAS, all jets E—=——H 175.1: 18 (142 12) 7 TeV [4] ATLAS, 13 TeV —=— 173.1 57 [4]
ATLAS, single top : = 1722+ 2.1 (0.7 2.0) 8 TeV [5] o(tt+1j) differential, NLO
ATLAS, dilepton |—|---i|—|5 172.99+ 0.85 (0.41x 0.74) 8 TeV [6] ATLAS, 7 TeV H—s—1 173.7 TQ? '13 (1.5+14 f’o1_'50) 5]
ATLAS, all jets = 173.72+1.15 (0.55+ 1.01) 8 TeV [7] +4.5 +2.5 +3.6
ATLAS, I+jets = 172.08 = 0.91 (0.39+ 0.82) 8 TeV [8] CMS, 8 TeV : —e— : 169.9 -3-72 (1.1 3% 15) [6]
ATLAS comb. (Oct 2018) H*H: 172.69 = 0.48 (0.25 = 0.41) 748 TeV [8] ATLAS, 8 TeV R 171.1 1§ (0.4 £ 0.9 %) [7]
CMS, l+jets 1 173.49+ 1.06 (0.43+ 0.97) 7 TeV [9] o(tf) n-differential. NLO
. L l l : 1 + + ,
CMS, dilepton — 17250+ 1.52 (0.43= 1.46) 7TeV [10] ATLAS, n=1, 8 TeV e 1732 +1.6 (0908 +1.2) [g
CMS, all jets I—I—-&—I—I 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
CMS, l+jets HeH S 172.35+ 0.51 (0.16= 0.48) 8 TeV [12] CMS, n=3, 13 TeV e 1709 0.8 (9]
CMS, dilepton |_|'°'|"_| 172.82=1.23 (0.19+ 1.22) 8 TeV [12] my,, from top quark decay [1] EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] arXiv:1904.05237 (2019)
CMS, all jets e 172.32+ 0.64 (0.25= 0.59) 8 TeV [12] CMS, 7+8 TeV comb. [10] [2) JHEP 08 (2016) 029 [6] CMS-PAS-TOP-13-006  [10] PRD 93 (2016) 072004
CMS, single top e 172,95+ 1.22 (0.7 0.95) 8 TeV [13] ATLAS, 7+8 TeV comb. [11] e e
CMS comb. (Sep 2015) - 172.44+ 0.48 (0.13+ 0.47) 7+8 TeV [12] oo v b b s v v b b by
CMS, l+jets e 172.25= 0.63 (0.08x 0.62) 13 TeV [14] 155 160 165 170 175 180 185 190
CMS, dilepton o 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15] My, [GeV]
CMS, all jets L 172.34 = 0.73 (0.20+ 0.70) 13 TeV [16]
- [1] ATLAS-CONF-2013-102 [71 JHEP 09 (2017) 118 [13] EPJC 77 (2017) 354
[2] arXiv:1403.4427 [8] EPJC 79 (2019) 290 [14] EPJC 78 (2018) 891
[3] EPJC 75 (2015) 330 [9] JHEP 12 (2012) 105 [15] EPJC 79 (2019) 368 iy m iy » . . .
e moerenmweeneso | ttps://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
: [6] PLB 761 (2016) 350 [12] PRD 93 (2016) 072004
I R R R R RN A R S N H R R R
165 170 175 180 185
My, [GEV]
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Complementary phase space (low Q? scale)
compared to tt = improves combination

Measurement in events with 1 lepton (e and u) +
2J1T (2-jets-1-tagged)

Events / 0.09
N

Multivariate technique employed to select event

sample with high signal purity (= 60 %) for meas. 7

Parametric fit to the reconstructed In mydistribution (direct measurement)

m; from single top t-channel at 13 TeV

CMS-PAS-TOP-19-00

=

35.9 fb' (13 TeV)

CMS Preliminary
1%, 2J1T

.tch.

® Data (QCD subtracted)

tt, tW, s ch.
BV +jets, W
stat + profiled syst

ST S A— N ] [ T L LORUTT SO . ]
Separate fits for the 7*, #*, and ¢~ categories = Measurement of top §|E1-21:;;;;;;;;;:;;;;;:;:-;';;::,:;;:;:;;:;:;:;;:;:;:;:;:;:;;';:;:;;:;;;;;;;,-;;;;9;;;5;;;;;;;;3;;
0_8_ ...................................................................................................................................... .
. . . 0-6"‘"] .............................. R R R S S R R R A Tt
guark and antiquark masses > test of CPT invariance 5 5.5 I
t
~ ¢Tresult: m, = 172.13 £ 0.32 (stat + prof) J_fg-gg (syst) GeV = 172.13J_r8:;§ GeV CMS Preliminary
\ — Measured value . stat + profiled syst total unc.

sub-GeV precision achieved first time in single top

My
R, = t = 0.995 £ 0.004 (stat + prot) T -5 (syst) = 0.9957 506
Am, = m, — m; = 0.83 = 0.69 (stat + prot) J_fggi (syst) GeV = O.83J_r(1):(7)z GeV

mass ratio and difference consistent with CPT invariance

CMS, tt all jets (13 TeV

CMS, tt dilepton (13 TeV

ATLAS, comb. (8 TeV

)

)

CMS, tt l+jets (13 TeV)
)

CMS, comb. (8 TeV)

)

CMS, single top (8 TeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html
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) m, in /+jets with soft-u

ATLAS

© Analysis with 36.1 fb-! data in tt” events 10000

- Selection: § 5000
> 1e/u+=4jets -

> > 1 b-tagged jets, one with displaced vertex tag

> > 1 soft muon (us) within AR < 0.4 of a jet (soft muon tag) 400 |

> AR(Z, ps) < 2

- 8S and OS have different contributions (direct b>p decays O:

1.05E
W/ﬁ%ﬁ/9/—///@%/@///&//6/%@/%3%%/
0.95F @

0.9t

and chain decays b>c~>p); but both depend on m;

Data / Pred.

o m(Zus) distribution used in a binned template fit to extract
the mass > largely reduced sensitivity to JES, JER

2000

| ATLAS Preliminary
. {s=13TeV, 36.1 fb™
- SS selection

— Post-Fit

ATLAS-CONF-2019-046

> e L L B A L L L
¢ Data | $14000— ATLAS Preliminary ¢ Data ]
[ ]tt (sMmT from b/c) | '© - Vs=13TeV, 36.1 fb” (] tt (SMT from b/c)
[ tt (SMT fake) 1 £12000{— OS selection Bt (smT from W) —
[ Single top -1 2 [ Post-Fit [ tt (SMT fake) ]
[]Other backgrounds | "'"10000‘_ Il Single top 7
72 Uncertainty - - []Other backgrounds

— - 2~ Uncertaint
s 8000 ~ Y

60001

4000[-

m, = 174.48 = 0.40 (stat) £ 0.67 (syst) GeV = 174.48 £0.78 GeV (0.45%)

~ Dominant systematics:
> HF-hadron decay model: 0.39 GeV (0.22%)
> Pile up : 0.20 GeV (0.11%)
> b-quark hadronization : 0.19 GeV (0.11%)

SM@LHC 2021
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3 ATLAS Preliminary E
of Vs=13TeV, 36.1 fb” 3
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https://cds.cern.ch/record/2693954
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% as & m P from diff. o,

Eur. Phys. J. C 80 (2020) 658

B CMS - . _ 35917 (13Tev)
: : : : : £ 0.2} M T | - A - A - 2T - AR - 0 1o Data, dof=23
> Triple differential cross-section with 35.9 fb-! data > | oovev | <socev | <isoaCev | <aoGev |  <soogev | <15000eV | _poumepyr oo
- " B jet™ et~ et~ et et~ HH et |
> measured in bins of M(tt), |y(tt)] and N Soast T4 MUHL MWLM MR YL cowen e

| ﬁ - )% ~.= MG5+PYT, %2=34
: 0.1t I == | ] | [E | %5 IN]POW+PYT unc.
- Event selection: | _

> OS dilepton (ee+pp+ep) 0.05|

> > 2 jets (= 1 b-tagged) :
> Nt additional jets not from tt” decay (AR > 0.4 o 14 B
c TS
from leptons and b-quarks) = 8‘215 I M
> Loose kinematic reconstruction of tt” system (no | 12 1 2
. y(tt
m; constraint) cms 3591 (13Tev) CMS 35.9 fb™! (13 TeV)
'[N;’;:*,M(ti),y(ti)l BN [N M),y ()] N e
PO e . . —8— ag(m ) with total unc. —e— mP"* with total unc.
~ asand m " extracted from comparison to fixed- — data unc. — data unc.
— PDF unc. — PDF unc.
order NLO predictions — wunc, — wune.
— m{®® + 1 GeV unc. — 0, = 0.001 unc.
ABMP16 '_lé'_' ABMP16 Iﬁl
HERAPDF20 'ﬁ' HERAPDF20 I%i
aS(mz) — O.l 1351_888%% CT14 = CT14 .
World average [PDG2018] O World average [PDG2018] —o—
pole _ 009 01 o1 o2 o013 O des im0 s
ml_ — 170.5 i Oo8 G@V (0.47%) O‘s(mz) m!toole [GEV]
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% Running of m,

© First measurement of the top mass running with 35.9 fb-! data

- Require 1 OS ey pair + = 2 jets
~ Kinematic reco. of the tt” system with my and m,” constraints

- Diff. cross-section at parton level obtained using ML fit to multi-

differential distributions (m,,, m__ ™", p; of softest jet)

> 4 oy values obtained as a function of the scale y in 4 my bins

- myp) in MSbar scheme is determined for each bin independently

~ Following 3 ratios extracted in order to reduce systematics
m(py) mlpz) mlpy)

m,(4) | m, (i) | m, (i)

o Observed evolution agrees with RGE prediction at 1-loop precision
within 1.1¢

SM@LHC 2021

Phys. Lett. B 803 (2020) 135263

CMS 35.9 tb" (13 TeV)
E._ 350
= 300 __+_ + Data unfolded to parton level
= + NLO predictions in MS scheme

S W = Mf = mt(mt)

- ABMP16_5_nlo PDF set

tt

do./dm.Am
N
O
o

N
-
o

— * ——
------- m,(m) = 162 GeV
150 —— my(m) =164 GeV
------------- m,(m) = 166 GeV
100 t
o0 ]
—I ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]
200 400 600 800 1000 1200 1400 1600 1800 2000
m. [GeV]
__ dm(u) !
: o
RGE 1n MS scheme : u o = — y(as(un)) m(u)
CMS H 35.9 b (13 TeV)
= 1.05- ABMP16_5_nlo PDF set
& - w_ = 476 GeV
:/33 1__ MO = Mref
= i
0.95F I
0.9 :— [) NLO extraction from differential o, *
- O Reference scale U
- One-loop RGE, n =5, a,(m_) =0.1191
0.85_— f z
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
400 500 600 700 800 900 1000
u [GeV]
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) Width ()

L

EXPERIMENT

~ Direct measurement of top quark decay width in dilepton channel with full Run2 data

~ 139 fb’
-~ MC templates obtained by reweighting nominal tt” sample

~ Profile likelihood fit to
> m,, template in ey channel (high stat.) using both m,, candidates

> My~ template in ee+up channel (control region)

~ Measured value in agreement with SM prediction within uncertainties

m; = 172 GeV m; = 172.5 GeV m; = 173 GeV
Mean [GeV] Unc. [GeV] Mean [GeV] Unc. [GeV] Mean [GeV] Unc. [GeV]

+0.53 +0.52 +0.52

Measured 2.01 050 1.94 _0.49 1.90 _0.48

Theory 1.306 < 1% 1.322 < 1% 1.333 < 1%
T I L ]
£ LE ATLAS Preliminary =
< 85 Dilepton channel =
7E- Vs=13TeV, 139fb™ =
6F" E
5F =
4E- E
3F- =
25 g e
15 =
T S 1 :

I [GeV] SM@LHC 2021

A TLA S-CONF-20 1 9-038
E TLAS S|mulat|on Prehmmary 132GeV — 0.20 GeV
S SO0 - 13 ev, 139 1 1.00 GeV — 1.80 GeV
@ 30000 e —3.00GeV — 4.00 GeV

o 1.1 ¢
CY) -
—~1.05 E
= - 2
L‘ . — '—-—._._l'_I .
g9/ o —— .
50 100 150
m, [GeV]
% : I I I | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ [ [ | [ :
(545000_ ATLAS Preliminary -¢-Data [t E
< - {s=13TeV, 139 fo' i SingleTop Other ]
4\@40000_— ep Ml Lep. fakes”” Uncertainty
& ~ Post-Fit .
51350001 =
30000 —
25000 —
20000 =
15000~ =
10000~ E
5000 =
= | T B M R A A S — —
LL -
E 1.1 3
I 1£9--0-.9-0-8-.9--0-9-0—0-9--0-0-—0—-0-9 - 9~9- 9
0.9F 3

reco m, [GeV]
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Yukawa coupling

Phys. Rev. D 102 (2020) 092013

2g M ~099forA=m,, Y,=g/g>" #1for BSM

q
- EW corrections close to the threshold alters kinematics .
~ EW corrections determined in tt dilepton from multi-differential measurement
in Ay, ., and M, .

~ Previous limits @ 95% CL: Y; < 1.7 ( 4 tops [1] and Z+jets [2] )

t

_ CMS 137 b (13 TeV)
Ie == ¢ Data it [Singlet |l Drell-Yan [ZFit unc.
CMS 137167 (13Tev) =
~ 6: — Data T 25000 — 2016 2017 2018
< - 4 — Ay <11 Ay, |>1 Ay <11 Ay, |>1 Ay <11 Ay |>1
—_ o As|mov Y _ 1 L1 — bfbt I btbt bfbt : bfbt bfbf I btbt
CMS Higgs comb. [3] N f | 0 ' '
. , Y Asimov Y, = 1.16 = :
4 15000 = |
Yl‘ = 0.98 = 0.14 - 10000 &
3=
: . 5000
Higher model dependence s
5_~~~ %8 1_1 ...............................................................................................................................................
Ir 68%CL| I 1-
O : L L L L L L L L L L L L L I L L L I L L L 0.9 l“IIIIII ..... |”.I“.I-“;n-l-nl-"l-" ";".I“.I.“I“.I“.;” ------- lIIIIII “.I“-I.nl-nln-ln"l-ul-nl | “;“-I“-I"-I“- ----
11 Eur. Ph J. C 80 (2020) 75 ' ' 2 2 3 §§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§E§§§§§§§§r §§§§§§§
[1] Eur. Phys. J. _ ) Y S PR oS80S 88 88808088 RE098088888808288R829808888882
[2] Phys. Rev. D 100, 072007 (2019) Mypprange [GeV]

[3] Eur. Phys. J. C 79 (2019) 421
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% tt” asymmetry at LHC

~ Production of top quark pairs charge symmetric at LO

1. /2 2
-~ No charge asymmetry in gg > tt at all orders, dilutes measurable
asymmetry

- Small charge asymmetry at NLO due to QCD qg annihilation allowed B N
in SM | | W

> interference between tree and box diagram L -
> interference between gluon ISR and FSR diagrams N AN

[ asymmetric QCD } asymmetric BSM

~ (anti-)top quarks are emitted preferentially in the direction of the
incoming (anti-)parton

LHC
~ LHC being a pp collider > no preferential direction for the incoming

(anti-) partons t
- High momenta valence quarks collide with sea anti-quarks carrying 9 . q 5
lower momenta > More forward top quarks and more central anti-top [

quarks leading to charge asymmetry (A.)

N(A y > O) - N(A y < O) -3 -2 -1 (l;n l
Ac = ALy =1y = |y y
N(A ez O) T N(A s O) arXiv:1207.0331

- New Physics models can enhance A.~> indirect search for new physics
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@ Evidence of charge asymmetry (Ac)

L

EXPERIMENT

~ Measurement with full Run2 data =139 fb™’

- Measurement in the Z+jets (e and u) channels
with resolved & boosted topologies

~ Ac measured inclusively and differentially (in
bins of my & 3, +)

o First evidence (~ 40) of charge asymmetry in

pp collisions > consistent with SM prediction 3
with accuracy NNLO QCD + NLO EW %
®
QO

- Ac sensitive to 7 four-fermion operators in the

Warsaw basis > eventually reduced to 2 by
assuming flavour universality

C, = Cf,%,’l) + Cf,%f) +C® Assumptions:

2 1 1
Ci=Cql +Cy o

I
Q
I

Q

1 8,1 8,3 8 _
Ca=Caq’ —Cag +Caf >/ C-=C!-
2 _ (1) (1) > 2 _ M2 _ MM
Cd_qu+Cq, b Cu -Cd—C

~ Tighter bound on C than the combination of
previous measurements > driven by boosted
region

10"
10°
10°
107
10°
10°
10*
10°
107

0.95 ¢

O
<

C2

/s

IIIIH||| IIIIH||| IIIIH|||_|_|'|T"|||_

I [ |
ATLAS Preliminary —— Data

res.+boos. e/u+jets B single top
post-marg. (mﬁ) [ Multijet

=13 TeV, 139 fb’ ] W+ets

[ Z+VV+itV+itH

[ ] Uncertainty

resolved 1b : resolved 2b
Or9-9r®,

N g

= (1™ s

I ¢
}
I

IIIIlIIIl IIIIlIIIl IIIIlIIIl IIIIlIIIl_LLLI_I_IIIl IIIIlIIIl IIIIlIIIl IIIIIIIII ||||||III

o FﬂTmll IIIIH||| L

Go 2T
" T OO

1
SSoln T Pl S2on 1S9 Qv —— Con S
1

A —— O 1L . . — 9 . Og ~
P00 2Tl T%co Qoo ' “¥ov %% cw LCFh Q0o Lo A|y|

WRoo, Wrior— WPoo ¥$Roo .,9Pcc $Roco YWrior WRoco ¥WRoo

<0.5

0.014

0.012

0.01

0.008

0.006

0.004

0.002

0

[0.5,0.75] [0.75,1] [1,1.5] >1.5 E<o.5 [0.5,0.75] [0.75,1] [1,1.5] >15 Mg [TeV]

= NNLOQCD +NLOEW  ATLAS Preliminary
: (s=13TeV, 139 fb™ -

l
T
@)
=
-
)
Q
+
T
=
=3
Q
(00)

Data (stat./total)

Inclusive
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ATLAS-CONF-2019-026

1 ‘ 1 ‘ 1 ‘ 1 ‘ [ ‘ [
- ATLAS Preliminary (s=13TeV, 139" |
_differential AL vs. NNLO QCD + NLOEW  _
- mg interval —A? —A%+ A" 68%C.L. limits
- > 1500 GeV S -
- 1000 - 1500 GeV ey -
—~ 750 - 1000 GeV — — —
—~ 500 - 750 GeV — — —
- 0-500 GeV , : -
~ inclusive — = .
— LHC8 combination S |
B pp, 8 TeV, JHEP 1804 (2018) 033 |
- Tevatron combination ° .
B pp, 1.96 TeV, PRL 120 (2018) 042001 |

I ‘ | 1 ] ‘ | 1 ] ‘ | 1 ] I ‘ I
-8 -6 -4 -2 0 2 4
C [TeV?
A= 0.0060 = 0.0015 (stat + syst)
14
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@% Forward - backward asymmetry (Agg) JHEP 06 (2020) 146
. § O-OB;I_'él\ln'S'"l"'|'"|'"|"'|"'|"'|"'|"'_
o The first LHC measurement of Agg using R - rt
35.9 fb! data collected during 2016 ... g — 99 i
L 0.02] ---qJ [:.__

. . ! — g9 -
© Measurement in the / (g,u) + jets channels ; 0015y -
with resolved & boosted topologies o(c* > 0) — o(c* < 0) 0,01~ P
App = c* = cos 6% : H“"-'a-.--_;.,.,_.,.-__--f--'*""'“ﬁ " :
© gq initiated process at NLO is isolated o(c* > 0) + o(c™ <0) . E
using My Xr and ¢* 2p; O 06060402 0 02 04 06 08 1
Xp = —— ) o
~ qqg > tt diff. cross-section \/E o AL B B Al IT?VE
> linear combination of symmetric and o8 I "":d‘a" MCvalues  CMS -
asymmetric components App = 0.04870-095 (stat) +0.020 (gygt) So6f -0 =
. FB JTO_ _ ysb)| £ 0.6¢ 20 45 :
> further expanded as a function of 0.087 0029 - 0.4:_ ---------- Fitted data L -
anom. chromo-magnetic (p) and p = —0.02410005 (stat) 0010 (syst) 2ok _
chromo-electric (d) dipole moments and o“’ :
ArB d < 0.03@95 % CL : gl

—0.2F =
- Template-based likelihood fits using -0.4 L _;
differential models based on extensions 0.6~ DI | =
to tree-level cross sections for qq and gg 04 -02 0 02 04 0.6
initial states Input A(F;

SM@LHC 2021 15


https://arxiv.org/abs/1912.09540
https://arxiv.org/abs/1912.09540

|Vio| in t-channel

Phys. Lett. B 808 (2020) 135609

q @ d 24X|1(|)3| . 359fb" (13TeV)
| ) m‘ -'§' 225_ CMS |£|t[f)ata ;?vt?g;S,STb’q (x 1000) _E
W+ - W - T ~ 20;— | -gN'ets E?g[();h —;
Vol s 7 Vool $— A : | S 18E n+ 3t =VJ\r/J =éTbb E
Vi Vg c I R ; ::2:_ 2y, Fit unc ’ —
b A oy | 2 | | + — ST oo -
: d [Vigl? l S 12 . =
] : : 0 {0E * E
Vi |* ! 8E- .=
Wets, "% 61 =
|V |4T | 4E- j =
2 |Wtlets, i T
l | S
> —~ S A e $ - O g @ e * - -—
1 2 n. b-jets § ogb v
-0.5 -0.4 -0.3 -0.2 —-0.1 0 0.1
Discriminator ST, vs. ST, tt, and W+jets
SM scenario BSM scenario 1 BSM scenario 2
Z VP2 =1.0 Partial widths altered because of fe}[rtl'al \(/jv;crz]lths unchan%ed, ththhl\j
q ' modified CKM matrix elements only otal widtn increases due 1o
q=b,s,d decays
— —+
Vo> 009 | V,,] = 0.988 +0.051 Vip| = 0988 £0.024
[V P+ | V.. |* =0.06 +0.06
2 2 2 2
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.

W polarization LHC combination (8 TeV)

JHEP 08 (2020) 051  53.w4&>

o Test V - A structure of SM usingt > W (= £v) b Ccapwa fs=8TeV
T Theory (NNLO QCD) FR FL
PRD 81 (2010) 111503 (R)
1 dI' 3 2 3 , 3 , Data (F /F /F,)
= —(1 —cos“O0*)Fy + —(1 — cos 0*)“F; + —(1 + cos 60*)“Fp
I" dcos@* 4 8 8 é\&@;&g;fﬁjms, L =20.2f0 HeH
. _ CMS 2012 e-jets, L =19.8 fo' e
o 0% :4 b/w ¢ and b-quark (from top decay) in W rest frame L8 7eR (2016 512
CUS 2012 puiets, L = 198107 HH
o F,, F, ,and F are polarization fractions modify cos6* distributions | gus20i2sigetop.L, =1071"
_ . _ _ i ATLAS+CMS, Vs =8 TeV
~ Results from tt” £+ jets and single top topologies are combined HOtp W '-1 | 1 o ,
0 0.2 0.4 0.6 0.8
W boson polarization fractions
- Limits on anomalous couplings g, and g, are determined O EN—
S 0 08:— ATLAS+CMS Assumptions: V| =1, V=0 -
&J Y LHCtopWG . S\ —
~ Results are also interpreted in terms of the EFT couplings 0.0} fs=8TeV ATLAS, L, =20210" —
0.04- TeshcL
- - []95% CL o
95% CL interval 0-02F ; e e
Coefficient ATLAS CMS ATLAS+CMS combination o y " BestFit -
- - - - - - _ — [168% CL _T
;;qb —5.64,7.68| |—3.84,492| |-3.48,>b.16 0'025 8 95% CL -
- 1T 1T : ~0.04 —
]:W _—1.30, 0.96_ — 1.06, 0.72_ _—0.96, 0.67_ ; 065_ ATLAS+CMS _E
Cew —0.34,0.67] |—0.62,0.19] |—-0.48,0.29 T b
008 95% CL
_01_|||||||||||||| | T T I N N T N NN N R B
' -0.15 —0.1 —0.05 0 0.05 0.1 0.15 0.2
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)

ATLAS

EXPERIMENT

R(z/u) = B(W — ww)/B(W — uv)

~ Previous LEP result 2.7¢ away from SM

Events / 0.01 mm

-~ Measurement in tt” dilepton events using Tag&Probe

> tight e/u, check second U

~ Impact parameter ( d, ) discriminant
low d, : Likely W > pu
highd, : Likely W > 1>y

~ d, calibrated using Z > p

Data / Ped\

~ Most Precise result : Unc. dominated by syst.

Lepton flavour universality using tt events

R(z/p) = 0.992 = 0.007 (stat) = 0.011 (syst) = 0.992 £0.013

~ Dominant syst. sources
> d, template modelling

> LI Isolation and reconstruction

- Recent CMS result (CMS-PAS-SMP-18-011) is also found to -

be consistent with SM prediction >

more in backup

SM@LHC 2021

s Jrrrrrrrrrryrrrryrrrr[yrrrr| o E = L B L L L L L L L
[ ATLAS ¢ Data £ F Amnas ¢ Data
107 {s—13Tev, 139fb" []Prompt u (top) S 10" {5-13Tev,139f" [JPrompt u (top)
s@ Signal Region Bt — u(top) 5 1058 Signal Region Bt — u(top)
'0°E®  o-p, 20<p'<250 GeV  [Ju (hadron decay) S | MM, 20<p(<250 GeV [u (hadron decay)
10 Post-Fit Z —> tt _= AT 10°E Post-Fit [1Z - uu N
= I Other SM processes 3 : HZ - 1 -
I 7/ Uncertainty N 10°L [ Other SM processes_
72 Uncertainty =
102 — 10° =
10 10
1 5 |, ]
1.05 S 1.05
1 .fQ:/#//74/t//f////%////%/////////////{/////%////////////// T 09 g ”‘/‘/{ Gl lcdaaciadaciidudiicle
0.95 "g . IIlIlIIIIlllII|Il|l|IIIl|lIII|lIlI|IIIIIIIII|IlII
0 o T o e 0 0o s oas oa oasos & *% 005 01 015 02 025 0.3 035 0.4 045 05
u
o] fmm] d, | Imm]
| | I | I | | | | | | | | | I | | | I | | I | I | I | |
ATLAS —m— LEP (Phys.Rept. 532 119)
1 ATLAS - this result
s =13 TeV, 139 fb Statistical Uncertainty
: Systematic Uncertainty
: —eo— [ otal Uncertainty
E *
| | | | ] i ] | ] | | ] | ] ] | | ] | | I | ] | |

I
.0
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https://arxiv.org/abs/2007.14040
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-011/index.html

Summary and outlook

- LHC = Top Factory = precision lab for studying top quark properties
- Measurement of top properties = investigation of SM & BSM

- Most of the measurements agree with SM predictions at a given accuracy

-~ Systematic bottlenecks in m, measurements > uncertainties in jet energy estimations and signal modeling

- Extract maximum possible information out of Run2 data

~ Preparing towards Run3 and High Lumi. LHC
~ More information :

1. ATLAS Top Public Results

2. CMS Top Public Results

3. LHC Top WG

SM@LHC 2021


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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L

EXPERIMENT

m P°'® from o, (ep)

Eur. Phys. J. C 80 (2020) 528

pole

o m, extracted from inclusive tt cross-section

—l
—l
()
(&)

measurement in dilepton final state using 36.1 fb
data at 13 TeV

—
)
)
o

|IIII|_I.I_II|IIII|IIII|II

Inclusive tt cross-section o(tt) [pb]

900
> Selection: 500
> 1 OS ey pair
> 1 or 2 b-tagged jets 700
> events with SS ey pair used to control bkg. due 6005_

SR B IO B B S

= CT14 NNLO+NNLL

ATLAS
e \s=13TeV, 36.1 fb”

SR IR SR

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
I I I I I I I I

I|IIII|IIII_1_IIII|IIII|IIII|II

to non-prompt leptons

pole

-~ oy dependence on m;

parametrized as:

II|III 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
164 166 168 170 172 174 176 178 180

|
182

m*° [GeV]

Uncertainty source AmfOle [GeV] PDF set mP®® [GeV]
4
m<! j CT14 173.1+2:0
GtttpeO(mtpole) — G(mtref) ( IZ)‘OIG) (1 + ax + azxz) EXPCI' imental 10 51
M PDF+as iy CT10 172.1+29
pole _ _ ref +1.0 MSTW 172.3+2.0
where x = ————— mf*f = 172.5 GeV WL Bealcs '1s 2
Irec +1.
T Total uncertainty 3:‘1) NNPDF2.3 | 173.47
mP® = 173.1120GeV PDFALHC | 172.1*3!
: SM@LHC 2021 21



https://arxiv.org/abs/1910.08819
https://arxiv.org/abs/1910.08819

-

t-channel differential measurement (13 TeV)
Eur. Phys. J. C 80 (2020) 370

- t-channel allows to measure the spin ’
asymmetry of the top quark
> sensitive to BSM/anomalous couplings
> top quark highly polarized along the b
direction of spectator quark
x
A,,. = 0.439 £ 0.032 (exp) % 0.053 (theo) 03 Opo
= 0.439 £ 0.062 1  do
o dcos 0;01

~ Measurement compatible with SM expectation (POWHEG NLO): 0.436

> deviation observed by CMS at 8 TeV disfavored

o First differential measurement of charge ratio as

a function of various observable

~ Calculating the ratio of top or anti-top cross-
section to total cross-section instead of top

quark to antiquark

~ Results agree with predictions from all PDF sets
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Lepton flavour universality using WW and W+jets events

CMS-PAS-SMP-18-011

_1 —_
CMS Preliminary 35.9fb  (13TeV) . 15 CMS Prefiminary 35.9fb " (13TeV)
® CMS |

M CMS LU (68%/95% CL)
# LEP

\Q
LEP LU \ R Voo
1.10+ 0 [
/7 // / /
7 v / /
7 v / /
w/ LU ’ S + ’
\
/
I
\

W —ev, 1 (10.83+0.10)%

Br(W —2) = (10.89 + 0.08)%
Br(W — h) = (67.32 + 0.23)% 1.05-

W — pv, 1 (10.94 £ 0.08)%

B(W —1v)
B(W — puv)

1.00

<0

 + CMS

S —
0.95- LEP
W — Tv_1{ (10.77£0.21)% x SM
ATLAS
CMS (1D)
0.100 0.105 0.110 0.115 0.120 0.125 0.130 .90 : : 1.05 1.10 1.15
Br(W — {v) B(W—1v)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-011/index.html

Source omy. omy. omy-
_ _ _10. Statistical + profiled systematic +0.32 +0.37 +0.58
_CMS PAS TOP 19-009 e Correlation Group Intercalibration | =+0.09 +0.07 +0.12
JES Correlation Group MPFInSitu +0.02 +0.02 +0.01
. . Correlation Group Uncorrelated +0.39 +0.17 +0.83
~ Signal and bkg. rates are added as nuisance total (quadrature sum) £040 | +018 | +0.84
JER < 4+0.01 | < 40.01 | < 4+0.01
' ' : Unclustered energy < £0.01 | < £0.01 | < +0.01
parameters in the fit Experimental "y on efficiencies < £001 | < £0.01 | < £0.01
Syst _ Electron efficiencies +0.01 +0.01 +0.01
Pileup +0.14 +0.04 +0.34
. . b tagging +0.20 +0.18 +0.22
~ All other syst. sources externalized > fit QCD multijet normalization £002 | £001 | +0.02
. . _ Offset correction +0.11 +0.13 +0.20
repeated with varied templates (conservative  _....Y..... Luminosity < £001 | <4001 | +001
CR model and ERD +0.24 +0.39 +0.68
gluon +0.52 +0.75 —0.03
ap p roaCh) light quark (uds) —0.18 +0.18 —0.23
Flavor-dependent JES charm +0.01 +0.08 +0.11
bottom —0.48 —0.29 —0.31
1 + " 1 total (linear sum) —0.13 +0.72 —0.46
-~ Dominant sources on the = case highlighted by b rag Boviee i B
: L b frag. Peterson +0.14 +0.11 +0.19
shaded region b quark hadronization model semileptonic B decays +0.18 | +017 | +0.19
total (quadrature sum) e o 1T o]
ISR +0.01 +0.01 | < £0.01
S . Modelin FSR +028 | +031 | +0.20
o Larger syst. uncertainties in case of 7 final 9 Signal modeling p/ py scale £0.09 | 013 | 003
Syst PDF + ag +0.06 +0.06 +0.07
' ' ' ' ] total (quadrature sum) +0.30 +0.34 +0.21
state due to higher relative bkg. contribution TR e e
> ' FSR 4010 | +014 | 4040
Charge aSymmetry Of W bOSOn radlated ME/PS matching scale +0.10 +0.10 +0.10
iNitial- ' ' _ . ug/ g scale +0.03 | 4003 | 0.1
from the initial-state quark in the signal tt modeling i s B | 008 | 00
process Top pr- reweighting —0.04 —0.08 —0.04
Underlying event +0.07 +0.04 +0.17
total (quadrature sum) +0.20 b +0.50
signal shape +0.05 +0.03 +0.04
: Top bkg. shape +0.07 +0.04 +0.05
Signal and background shape EWK bkg. shape +0.03 | 4001 | +0.02
___________ total (quadrature sum) +0.09 +0.05 +0.07
Total systematic T by by
Grand total 07 F075 151
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-009/index.html

ATLAS-CONF-2019-038

Source

Impact on I; [GeV]

Jet reconstruction

Signal and bkg. modelling

MC statistics
Flavour tagging
E%“SS reconstruction

Pile-up and luminosity
Electron reconstruction

PDF

1t normalisation
Muon reconstruction

Fake-lepton modelling

+0.24
+0.19
+0.14
+0.13
+0.09
+0.09
+0.07
+0.04
+0.03
+0.02
+0.01

SM@LHC 2021

ATLAS-CONF-2019-046

Source Unc. on m,; [GeV]| Stat. precision [GeV]
Data statistics 0.40

Signal and background model statistics 0.16

Monte Carlo generator 0.04 +0.07
Parton shower and hadronisation 0.07 +0.07
Initial-state QCD radiation 0.17 +0.07
Parton shower ag " 0.09 +0.04
b-quark fragmentation 0.19 +0.02
HF-hadron production fractions 0.11 +0.01
HF-hadron decay modelling 0.39 +0.01
Underlying event < 0.01 +0.02
Colour reconnection < 0.01 +0.02
Choice of PDF's 0.06 +0.01
W | Z+jets modelling 0.17 +0.01
Single top modelling 0.01 +0.01
Fake lepton modelling (t - W — ¢) 0.06 +0.02
Soft muon fake modelling 0.15 +0.03
Jet energy scale 0.12 +0.02
Soft muon jet pt calibration < 0.01 +0.01
Jet energy resolution 0.07 +0.05
Jet vertex tagger < 0.01 +0.01
b-tagging 0.10 +0.01
Leptons 0.12 +0.00
Missing transverse momentum modelling 0.15 +0.01
Pile-up 0.20 +0.05
Luminosity < 0.01 +0.01
Total systematic uncertainty 0.67 +0.04
Total uncertainty 0.78 +0.03
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https://cds.cern.ch/record/2693954
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Phys. Rev. D 102 (2020) 092013

— 1 16+O.24

CMS Supplementary 0.5
1 Final state radiation scale (correlated) L ——— . |
2 Electroweak correction uncertainty -——o—-
3 ME factorization scale —_—— i ;
4 Jet energy FlavorQCD '——.—" '—'—'
5 Initial state radiation scale (correlated) .—.—-. '—'
6 Final state radiation scale (2016) | — ! —
7 ME renormalization scale ———— e
8 Top quark mass : ——— § o —
9 Muon reconstruction efficiency (correlated) : ————i =
10 Single top normalization -—o—- -——-
11 NNPDF variation 2 (2016) ; : —————i i
12 b tagging miss-ID efficiency (correlated) : | e @it b —
13 Jet energy RelativeFSR (correlated) D ———y —
14 Jet energy TimePtEta (2016) —0——- —
15 NNPDF variation 4 (correlated) —— o
16 NNPDF o, variation (correlated) :  ————— o
17 NNPDF variation 1 (correlated) ———— i i
18 Muon reconstruction efficiency (2018) : -—Q—- -——-
19 b tagging efficiency (correlated) § ——— —_
20 b tagging efficiency (2018) b—— i —
21 NNPDF variation 0 (correlated) —————— —
22 Jet energy SinglePionECAL ————— '—-'
23 NNPDF o_ variation (2017) —— i
24 Jet energy resolution (2018) ————i -
25 Jet energy RelativeSample (2016) |—.—| |-—l
26 Jet energy AbsoluteMPFBias ! — —
27 Jet energy TimePtEta (2018) —_—— =
28 Jet energy RelativeFSR (2018) ——————t =
29 tt normalization . ——— s
30 Drel-Yan normalization | = ;| = =H—®—+ | . . i . . |\ . . . i . .5 . i . .
-2 -1 0 1 2 —-0.1 0 0.1
Observed: —— Fit constraint — +1c Impact — -1o Impact (6—6 )/Ae A?
0 t
Expected: Fit constraint +16 Impact -1o Impact
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Anomalous coupling :

F, CMS(single top)

F, CMS(u+jets)
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TOPQ-2018-29

Source Impact on R(7/u)
Prompt dj; templates 0.0038
M (prompry and 1z, parton shower variations 0.0036
Muon isolation efliciency 0.0033
Muon identification and reconstruction 0.0030
M (had,) NOrmalisation 0.0028
tt scale and matching variations 0.0027
Top pr spectum variation 0.0026
M(had.) Parton shower variations 0.0021
Monte Carlo statistics 0.0018
Pile-up 0.0017
H(z—pu) and Unaa) dy shape 0.0017
Other detector systematic uncertainties 0.0016
Z+jet normalisation 0.0009
Other sources 0.0004
B(t — uvevy) 0.0023
Total systematic uncertainty 0.0109
Data statistics 0.0072
Total 0.013
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