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Introduction B
Top quark as a probe for the SM
® most massive elementary particle known ~ FlTT
e Yukawa coupling ~1 to Higgs boson —— 200; Instability
= high relevance for the EWK symmetry breaklng -k > j /
e only quark that decays before forming bound states o 1O > g
— unigue way to study ‘bare’ quark properties § | -é
2 100 | Stability g |
e high production rate at LHC g g.
— high precision SM measurements = 50 g |
+ | |
— indirect search for BSM physics oL 4 ]

nggs mass Mh in GeV

e multitude of interesting top properties measurements
(overview about differential part of analyses in R. Verma’s talk)
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Top quark mass

® measuring m:MC using reconstructed decay products

Direct measurements

= very high experimental precision
— ~0.5 GeV
s relies on details of MC simulation
Reference
ATLAS+CMS Preliminary M, SUMmary,Vs =7-13 TeV ~ May 2019
LHCtopWG
"""" World comb. (Mar 2014) [2] I —r—
stat total stat
total uncertainty m,,, + total (stat= syst) Vs Ref.
LHC comb. (Sep 2013) LHCtopwa 173.29= 0.95 (0.35 = 0.88) 7 TeV [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) 7 TeV [3]
ATLAS, dilepton 173.79= 1.41 (0.54= 1.30) 7 TeV [3] —
ATLAS, all jets 1751+ 1.8 (1.4= 1.2) 7 TeV [4]
ATLAS, single top 172.2+ 2.1 (0.7 2.0) 8 TeV [5]
ATLAS, dilepton 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]

ATLAS, all jets 173.72+ 1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, l+jets 172.08 = 0.91 (0.39= 0.82) 8 TeV [8]
~ ATLAS comb. (Oct 201 ) 172,69+ 0.48 (0.25 = 0.41) 7+8 TeV [8]
CMS, I+jets - 173.49=1.06 (0.43=0.97)  77TeV [9]
CMS, dilepton 172.50 = 1.52 (0.43= 1.46) 7 TeV [10] —
CMS, all jets 173.49 = 1.41 (0.69= 1.23) 7 TeV [11]
CMS, l+jets 172.35= 0.51 (0.16= 0.48) 8 TeV [12]
CMS, dilepton 172.82+ 1.23 (0.19+ 1.22) 8 TeV [12]
CMS, all jets 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
)

CMS, single top

172.95+ 1.22 (0.77+ 0.95 8 TeV [13]

CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 = 0.47) 7+8 TeV [12]
CMS, l+jets 172.25+ 0.63 (0.08+ 0.62) 13 TeV [14]
CMS, dilepton 172.33= 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets 172.34 = 0.73 (0.20= 0.70) 13 TeV [16]
[1] ATLAS-CONF-2013-102 [7] 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
[4] EPJC 75 (2015) 158 [10] EPJC 72 (2012) 2202 [16] EPJC 79 (2019) 313
[5] ATLAS-CONF-2014-055 [11] EPJC 74 (2014) 2758
[6] PLB 761 (2016) 350 [12] PRD 93 (2016) 072004
|||||||||||||||||||||||||
My, [GEV]

MC _

m," " = mPo' + Ay e O(1GeV)

[

mMC

m Indirect measurements

e extract m: in well defined renormalisation scheme
(pole, MS)
® measuring observables with direct sensitivity to m

Reference
ATLAS+CMS Preliminary My, from cross-section measurements
LHCtopWG Sep 2019
ot ot My, + tot (stat + syst =+ theo) Ref.
Ootfal Sla
| — / ‘ o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV | 172.9 3¢ [
CMS, 748 TeV 173.8 5§ 2]
VS. CMS, 13 TeV —— 169.9 57 (0115 &) 3
ATLAS, 13 TeV 173.1 57 4]

o(tt+1j) differential, NLO

—_—————— ——
" =

. ATLAS, 7 TeV 1737 57 (15614 55) 13
e CMS, 8 TeV — 169.9 H5 (11 25 %8
ATLAS, 8 TeV 1711 5 (0409 24) m
_f o(tt) n-differential, NLO

ATLAS, n=1, 8 TeV
' CMS,n=3,13TeV

173.2 £1.6 (0.9 + 0.8 £1.2) [g

1709 iﬁf W 9]

[1] EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] arXiv:1904.05237 (2019)
[2] JHEP 08 (2016) 029 [6] CMS-PAS-TOP-13-006  [10] PRD 93 (2016) 072004
[3] EPJC 79 (2019) 368 [7] arXiv:1905.02302 (2019) [11] EPJC 79 (2019) 290

[4] ATLAS-CONF-2019-041 [8] EPJC 77 (2017) 804

My, from top quark decay
CMS, 7+8 TeV comb. [10]
ATLAS, 7+8 TeV comb. [11]
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Top quark mass
Single top t-channel | 2016 data

e measurement of mt in a data sample enriched with
single top events g
in lepton+jets
channel

!/

q q

W+

m separated wrt. lepton flavour & charge
— measure quark/antiguark masses individually

J before BDW “after BDTW
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BDT selection threshold

® intensive optimisations of multivariate (BDT)
discriminators to enrich sample with t-ch. single top

s reduced correlation to mi
s studied bias on m

m  calibrations based on final results
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Top quark mass
Single top t-channel | 2016 data

§ - cms Prelln;mally - ]
_ o > | Rt ¢ Data (QCD subtracted)_
e extract m: with parametric fit = B _
- /7 ] oot ff, tW, s ch. .
F(y,‘y }ft chr FTop frwk) = fi—ch 'ﬂPt—ch(}/}y;jJ‘F fTop 'FTop(y}yo) + fEwk 'EEWK(Q! BV +jets, vV
vo =In(my) | stat + profiled syst
= m: also varied in tt background
I | et e
—»  m, = 172.13 4 0.32 (stat + prof) 705 (syst) GeV = 172.137075 GeV e
A
5 5.5
e use of lepton charge to measure quark/antiquark S ~ hm
masses first time sub-GeV precision
m, = 172.62 £ 0.37 (stat + prof) To.Z (syst) GeV ~ in single top phase space
_ 4 +1.32 * — = ‘
my = 171.79 £ 0.58 (stat + prof) 7735 (syst) GeV oMS Prfiminary
— + Measured value . stat + profiled syst total unc.
s difference + ratio in agreement with SM OMS, falljets (13 TeV)
| CMS. ff dilepton (13 TeV)
! 0.77 S T +0.005 -
‘: Amt — mt — mi 20.831-101 GQV R’nt _ ﬁt —0.995_0006 CMS, tt l+jets (13 TeV)
:L ATLAS, comb. (8 TeV)
- CMS, comb. (8 TeV)
e |imited by jet energy scale (JES) CMS, single top (5 TeV) -

and modelling (FSR & CR) NERT I A A

173 174
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CMS,
s a
K1 \\

Phys. Rev. Lett. 124, 202001 (2020)

Top quark mass
Boosted jets (i I+jets) | 2016 data

a1 R LN I S BRI CLILL I LR =
[ . e CMS - 35.9fb" (13 TeV
oF Simulation —o 004
S Preliminary - -3 i CMS e Data -
. . 1 - e . 1O S — - .
e m: from jet mass in boosted top decays x T m, =169.5 GeV
. . . " e TIHE © h B m, = 1755 GeV -
u deCay prOdUCtS merged IN one S|ng|e Jet Lo 4 0y ymaterial |1 *—Ié) - S © i
. o SENCIR - s
F R . . ) E n .
e .: . _;(.Eg:‘%N,.} \ 002 __ ........... __
Low top High top R e T T I T " j
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: . cmMs C 0.01— | e —
- / - Sl ;Eimlulaition . B N
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ReSOIVed E e . .: . . O | | | PR T A N M S N
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“losupp. - |
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= using Xcone algorithm (first time at LHC)
- two step procedure (two tops, then decay products)
— factor 2 improvement in jet width (particle level & exp. resolution)
— factor 4 improvement wrt. previous iteration using Run | data

m, = 172.6 == 0.4 (stat) £ 1.6 (exp) = 1.5 (model) & 1.0 (theo) GeV

= m: from comparing to Powheg+Pythia
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: CMS,
\\ N
Mass running Phys. Lett. B 803 (2020) 135263

tt dileptonic final states | 2016 data CMS 35.9 16" (13 TeV)
S 350
e first experimental investigation of the top quark mass running & 300} = # Dataunfolded (o parton love
= in MS scheme, midepends on energy scale mt(px) E o0F ¥ NLO prej;]c?;r;s in MS scheme
hy N T e = 1= T,
= solution of RGE, like running of a, 8 200 , ABMP16_5_lo PDF set
—% e
/ - e m,(m) = 162 GeV
| — 1501 — my(m) = 164 GeV
. . — . / - , h =
» shape of invariant mass of tt pair - 100 m{m,) = 160 GeV
50f— . . .
= all o fitted simultaneously with mMC 200 400 600 800 1000 1200 1400 1600 1800 2000
: : ) : m_. [GeV]
= extract mt(mt) in each bin of mi by comparison to NLO CMS Supplementary arxivi1909.09193  35.9 fb';ﬂ(13 TeV)
theory and evolve to mt(“k) éf 1-05:— ABMP16_5_nlo PDF set
S i u _ =238 GeV
:E : M0=Mref
= probe running by comparing to NLO predictions = T
— up to ascale of 1 TeV 005 N
= results in agreement with SM RGE within 1.10 09 T ML with st osle (5 805 (oo20) 136263 |
| _ . . 0 u ® Reference scale u__
= no-running hypothesis excluded at 95% CL sk Oneio0p RGE, 1 5, o) =0.119
| 7 | | o T | | | | | | Lo

200 250 300 350 400 450 500

u_ = uk/2 [GeV] @
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Yukawa coupling 5

tt dileptonic final states | 2016-2018 data

q CMS simulation s =13TeV
/ t ’Tt E o _
i + I | | % 1'25? gé::rgtir level -— it =2
e LW corrections affect tt production 5 ) e
= shape of Mit and rapidity difference 8 .2 A
; ;E:t 1.1?‘-!
e new analysis in tt dileptonic final states 5 PR
: . _ ) = NS
e comparison at detector level by reweighting NLO Powheg+Pythia 8% 005
(weights obtained using HATHOR?2 in 2D) Y s ol
400 600 800 1000 1200 1400 1600 1800
M. [GeV]
. - L . Phys. Rev. D 102 (2020) 092013
e mitigate p7'*** dependence in dilepton channel by exploiting _ Cm 137 16 (13 TeV)
E 30000;_ ¢ Data [JJtt [ Single t ] Drell-Yan [ZFit unc.
lepton+b system as proxy £ 25000/ IPINESAOEN! IR LAVIY I A
> — Ve 1 AY el = Yoo =1 1 18Ypp,1 = Yoend <1 1 Byl >
= multi differential fit to Mppee X | AVpepe | P : :
B 7 7 7 - 150002—
e limitat95% CL: Y, <154
| . _ +0.07 +0.23 5000
e bestfit: Yy = 1.167qg (stat) o34 (syst) e e e ) .
| ’ ’ - ’ B e e
T— — 8& 1 i
e from combined Higgs measurements: Y = 0.98 & 0.14 ] N fuveven Cewire Soviuw Ieeeeeeee Tweve
SEEEREECRCER L SR REREE SRR R SRS
(larger model dependence) S R PR S ERLE R RS R B PR
M., I GeV
e from four tops search: Y, < 1.7 (Musvirgnge (6eV]
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Vio|, [Vid|, and [Vis 3

e fitting multiple signals at the same time in
different event categories

Phys. Lett. B 808 (2020) 135609

Vi

<10° 36910" (18TeV) , ,x10 859 (13TeV)
£ 70F Mg+ D — STUSTL (1000 £ 5p- CMS o Dala — ST ST (<1000)
q 8O0 e B, 1520 g e B :
S s °TAN my mer, 124" B, T E
Eh g
@ 30F ENTET)= =
. . . n - 8 =
o first simultaneous model-independent measurement 208 ER S E
104 E 3 =
of CKM elements 0 — e
A — St | 1 2 —
_ _ _ G084 05 02 o1 0 01 0z 03 00% i i s s i o o
e three-fold interpretation of signal strength parameters: Discrminator ST, ve. fand Wrjets  Discriminator ST, ,va. ST, f, and Waets
= assuming SM CKM unitarity:
Vin| > 0.970 Via|® + [Vis]?* < 0.057
= Nno unitary constraint (add. quark families) most precise single top measurement of |
Vip| = 0.988 +£0.051 |Viy[? + |Vie|* = 0.06 & 0.06 ( [Vio|, [Vid], and |Vis|
: . limited by modellin
= top quark total width unconstrained ' ~ Al J
obs
Vio| = 0988 +£0.024  |Vig[? + |Vie|* = 0.06 £0.06 - =099 042
t
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W polarisation JHEP 08 (2020) 051
ATLAS+CMS 8 TeV combination

ATLAS+CMS Vs=8TeV T E——
. . . . LHCtopWG total stat
® polarisation fractions measured at tWb vertex using BN oo (WNLOQCD)| E .
PRD 81 (2010) 111503 (R)
top quark decay properties —=—— Data(F/FF)
1 4T 3 3 3 ATEAS 212 tiete. L =202f7 el
— =" (1—-cos?0*) Fy+ = (1—cos®)* F + = (1+ cos®*)* F ot L —108
r dCOS 9* 4 ( ) 0 8 ( ) L 8 ( ) R SLI\IéI§622(02(1126)5112t, Li”t_‘lg's o e
6" = angle of lepton wrt. b quark in W CM frame CMS 2012 jets, L =198 fb HH
JCHI\E/IPSO?% 125)sérggle top, L =19.7 i e |
® combining measurements of Fo and FL polarisation ATLAS+GNS. V5 = 8 TeV M
fractions (Fr via unitary constraint) o 0!2 — o.|4 — O.|6 0.8
W boson polarization fractions
= ATLAS:
o tf I+jets (Eur. PhyS' J. C 77 (2017) 264) —~ 0-1 LI I UL I UL ] L l UL I UL I UL l UL l 1
s CMS: % o.osf— 3&:,3?“8 Assumptions: V, =‘°Vn=°—f
o - _gTe . Emsm
— t-channel single top (JHEP 01 (2015) 053) e ATLAS. L, =202
— tt | 004F []68% CL —
tt mU+jetS 002: []06% CL -
S Phys. Lett. B 762 (2016) 512 “E s o
— it e+jets (Phys. Le 62 (2016) 512) ofF- R S
002 []68% CL
- jes% CL =
® 25-30-% improvement wrt. individual measurements o ALASIOMNE
—0.06__ ——— BestFit —]
= - :ea%fct =
008 06% CL 5
e limits on anomalous couplings at tWb decay vertex b e b b Lo e b LS
and Wilson coefficients in EFT framework Re(g,)
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CMS
Forward backward asymmetry

tt lepton+jets | 2016 data

ompoms T SoZews T :

LT 3 . B s

e forward-backward asymmetry (Ars) In qq— tt 00zt 79 Sed 9
---- 0015F 3 - F 3 012 - E
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AFB — | - .-—’.'"'FI-I.-.--_-_-.-!..'-'.'-"H-.* E E
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= challenge at LHC because of dominating gg—tt S Tems o 1o Gewfows T

q t § + B t lepton+jets E § o0 g_ [ Singletquark-Z/y:j)ets l I Wiijets _g

g > t @I 800 ffother channels —| 600 murtijet 777 MC uncertainty =

I single t quark : 500 E_ G000 | ooodooss iRl _f

A 600 B z/y+jets - 400E- E

5 I wiijets : = -

q T g «—1 400 Multijet — 300 =

2| MC uncertainty 7] 200 f_ —;

= new measurement using c’, xr, and My as ol N e .

ag = % 1.?; OO e s 1.21 ';Tq e E

SenSItlve Observables go.sc;, B B B v S B} §0'8_§_§ﬁév'—'dé'iol_; —ol_;__+—(|)+ 02" '0;_'_;'6' | olé*_'1

_ — . . . . ] ST S e

. — tt fractions increases with high prt ypo-1 urets (13 e |
a9 9n pr JHEP 06 (2020) 146 5 , Mieie . somioae)
— boosted and resolved decay topologies 8 1200f- ot E
boosted decay topology 3 E B ttleptonsits -
— s = — — — — - — L% 8005_ I single t quark _E
| . A(l) — 0.048 70095 (o4 1y+0.020 : : B Z/yvjets i
~® measure from fit pp = 0-0487 g7 (stat) Zgn9 (Syst) “F e E
| ) . B} 400;_ A MC uncertainty _;
also chromomagnetic (ui) and chromoeletric 200 g E
| ' . A 0.013 0.016 0 o 7
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CP violation in top decays B

tt dileptonic final states | 2016 data

Ec  pe pe Py Ey Po, Pb, P,

X y z Y

e CP symmetry known to be violated in SM Ev  pe. Py, Pr 0, = b Pb, Pb, Pb,
= small amount predicted for tt process in decays Eov Por Por Pop ?* Per Pog Pef
= |large CP violation expected from chromoeletric E— Poz Py Pes = Pz Py Pez

dipole moment CEDM (10-15% effect)  sewee CMS-PAS-TOP-18-007

) 35.9 fb (13 TeV)
r RSN REARNERRES RELED RN AR LR I n ey RERRE RERRIRLRANRLEE
ay s : S E CMsS ¢ Data 3 S " E CMS , ¢ Dota
. asymmetry A most sensitive to this effect > [ Froinkay oY 1> b preiminay mmo
T i Bl Single top quark | < . i I single top quark
Q@ w0E [ ] Diboson 3 & WE [ ] Diboson
W - [ e+ 4 W 1+
A N(Ol > O) — N(Ol < O) i B < other ] Ego\:her
. == M fisignal 10° - T signal
"~ N(O; > 0)+ N(O; < 0) o Dt 2 : =
E < e*u* channel E 102' . . e*If channel
Asymmetry and uncertainty (x1077) L _
Physics observable esu¥ ete” uTu~ Combined
O, 69 £+ 53 88+75 06 +34 24428 1
O; 6.1 £53 4175 —-17+34 04 + 28 10
1
08 35.9 107 (13 TeV) 8"'5-':{5 2778 AR AR AR R RSZ SR 72N N 8'1'5-':!3,51:! 222k ! ! !T!:!:'f!:?,f”
o A A P | a + { a Pl T ey T %
5 ool prtimnary FT channel : linear dependence between CEDM 3 1¢+++;}h“*u.*“"““"uﬂ*ﬁ}ﬂ{ o IR s o Ehi%if,;ﬁ#.o-‘i“?,‘l'ﬁ";’w *g ﬂ”
-+ C ’ O P LR e S ey v NN
£ oosf . and Ai - :;’i’;i‘l‘it‘;.‘l....1....1....1....i....+l‘jli’;’.' = “‘.l..l|||+l..l.”
; . ] 03,7735 -1 -0.5 0 0.5 1 1.8 / 2 03735 -1 -0.5 0 0.5 1 1.(5) / 2
@ oozr - 1/ My 3/ ™M,
R 1 Physics observable dic
: O, 0.10 £ 0.12(stat) £ 0.12(syst) » 1 - | e
N : O, 0.00 £ 0.13(stat) = 0.10(syst) : .
oosf - A ® |n good agreement with measurement from
R —— 1 00019 < d, (for O3) < 0.019 spin correlations —0.020 < d; < 0.012

ool oo 0,014 < d, (for O) < 0.027

tG
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. - reliminar eptember CM <
EFT Iin top quark production CFT rom opavark prosucion (3 =13 Tow e (1)

Ove rvieW éi = C. /A2 Top quark - scalar boson operators MFV basis adopted from arXiv:1802.07237
! —— marginalized —— individual Dimension 6 operators ( A = 1 TeV)
~3 Referende _Eur.Phys.J. C79 (2019), 886 35.9 fb”
C¢Q ; . || TOP-19-001 41517
EFT £ L + _ 0(6) G 10 —— 1 TOP-19-001 4151
SM 9Q | f JHEP 03 (2020) 056 ———
6¢tb 10 —— TOP-19-001 415" |
consider SM extension up to dimension 6 G, | = || Top-19-001 4150
¢ g g ; ; ; JHEP 03 (2020) 056 775"
Ci = dimensionless Wilson coefficients G | oty ————— || Top-19-001 s
Oi = higher order EFT operators S
! 9 P -10 -5 0 5 10
95% CL limit [TeV *
° [TeV™] dlscussed in next slldes
: CMS Preliminary September 2020 |
e 59 up to 2499 independent operators EFT from top quark production {5 = 13 TeV
C. =C./A? (Top) quark - vector boson operators MFV basis adopted from arXiv:1802.07237
! — marginalized —— individual Dimension 6 operators ( A =1 TeV)
~Il] : : : : : T - o
. C, | Reference — || JHEP 03 (2020) 056 77.5 "
: : : : : f
G : : : : i || TOP-19-001 41510
tz : : S JHEP 03 (2020) 056 775 f”
SM Sl 6bw TOP-19-001 415 fb”
~ Eur. Phst C79 (2019) 886 35.9 fb
CtW : : ; : . || TOP-19-001 | 4151 W
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EFT in tt + vector bosons: non-global (3502
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= one-by-one and simultaneous fit of 16 Wilson coefficients . Wisoncoeffcent CI/ AT [TeV]

= first such attempt!
— In the future also diff. distributions considerable
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Conclusion (3502

e CMS has performed plenty of precision analyses measuring top quark properties

= top quark mass measurements in different phase spaces
— sub-GeV precision for the first time in the single top enriched sample
— factor of 4 improvement in boosted regime wrt. Run |

= Yukawa: indirect studies of the top Yukawa coupling

= first direct measurement of Vix elements in the CKM matrix

= combination of measurements between ATLAS and CMS
— more to comel

= new approaches for direct and global constraints on top EFT couplings
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Top polarisation and tt spin correlations
Dileptonic final states | 2016 data

e short lifetime — spin information conserved in decay products
IM(qq/gg — tt — (Tvb (~Tb)|* « pRp.

e decompose spin density matrix R into 15 independent coefficients
solely dependent on one observable at parton level
= measurement of various norm. diff. cross sections to extract
coefficients

e up to 5% precision on most sensitive observables
m data clearly favor case of correlations

e extract limits on top chromomagnetic and chromoeletric dipole
moment —0.014 < 21, < 0.004 —0.020 < d, < 0.012

e also limits on 10 Wilson coefficients in EFT framework sensitive to tt
production
= simultaneous fitted and one-by-one
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Top quark mass (and . + PDF) Eur, Phys. J. C 80 (2020) 658
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Four top production - tttt (3502
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Search for new physics

tt dileptonic final states | 2016 data
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Four top production - tttt )2
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