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Top Quark Interactions

o Probing Wtb structure

& W boson polarization

& Triple-differential angular decay rate
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Searching for new decay vertex or modified Wtb structure

& Polarization and spin correlation
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Probing ttg structure
& Forward-backward Production Asymmetry

& CP violating anomalous top quark couplings

+ Probing top - u/c quark and neutral boson coupling (FCNC in top quark)
& Search fort — qy
& Search fort — gZ
& Search fort — gH




The Wib Vertex YORI§ y

@ The top quark decay vertex Lagrangian with EFT generalization: W *

Vector couplings Tensor couplings

{_A_\{_A_\ b

t W~ — b
)“\@MW
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Ve, Anomalous couplings (= 0 in SM at tree level)
Vo J(=1in SM)

How to probe anomalous couplings in the Wtb vertex?

@
@ Single top production and decay

@ Angular distributions of the top quark decay products

@ sensitive to W helicity fractions



Probing Wib structure YORKH

W boson polarization measurements @ LHC
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@ Multiple measurements performed by ATLAS and CMS in Run 1

@ Using top pair and singe top events

@ The lepton angular distribution in W rest frame is sensitive to
the W polarization

@ All measurements so far are compatible with SM prediction at

||II|III’III|II||III|IIII"F':I

NNLO QCD
\ #LHCTopWG E' ! || | | e \
P o LS FTYEY! L) Wt M1 L1 1 L1 1 L1 L1 [R——
:5,@ 4 0-1 -0.8 -0.6 -0.4 -0.2 0 O 2 0 4 06 08 1
«,bl ‘ coso”
£/ ATLAS+CMS Preliminary November 2017
| LHctopwa total stat
Theory (NNLO QCD

I PRD 81 ();0(10)111503 ®) ) FR l:L FO £+

~e—#—+ Data (F_IF /F)) " ,

ATLAS 2010 single lepton, {s=7 TeV, L =35 pb™ H—e— H+—H H——a1+—H ‘

ATLAS-CONF-2011-037 _

ATLAS 2011 single lepton and dilepton, Ys=7 TeV, L_=1.04 b I—l FaH Had Ve

JHEP 1206 (2012) 088

CMS 2011 single lepton, Vs=7 TeV, L_ _22fb1* Hm— H——H

CMS-PAS-TOP-11-020

LHC combination, {s=7 TeV e o Fa—

LHCtopWG A A 4

ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025 ﬁ 0% W ﬁ W

ATLAS 2012 single lepton, {s=8 TeV, L _=20.2 fo B [N - ﬁ>

EPJC 77 (2017) 264 g P ll

CMS 2011 single lepton, Vs=7 TeV, L_ _50fb1 [ 4l H-s @ @ @

JHEP 10 (2013) 167

CMS 2012 single top, Vs=8 TeV, L =19.7 fb” H=H HH ﬁ @ ﬁ @

JHEP 01 (2015) 053 - -

CMS 2012 single lepton, Vs=8 TeV, L _=19.8 fb” ™ Fed vb vob v

PLB 762 (2016) 512

CMS 2012 dilepton, Vs=8 TeV, L —1 9.7 fo hH HaH Fo=0.687+0.005 FL.=0.311+0.005 Fr0=0.0017+0.0001

CMS-PAS-TOP-14-017

- SUperseded by published resu L SM NNLO calculation: Phys. Rev. D81, 111503 (2010)
0

0.5
W boson helicity fractions


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.111503
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.111503
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCTopWGSummaryPlots/helicity_summary_nov2017.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCTopWGSummaryPlots/helicity_summary_nov2017.pdf

@ Precision of ~2% in Fo, ~3.5% in FLis achieved T 0TI AR AEAMIARRAR RS
> - »LQJCI;:,\J?VECMS Assumptions: V, =1, g, =0 1
@ Improvement w.r.t previous most precise individual " s F ATuss, 1, -2’
. o : |:|68:/oCL ]
measurements: ~25% in Fo , ~29% in FL : bk
Un oMs,L_=19.7f" ]
L x Best Fit  _|
F, =0.693%0.009(stat+bkg) +0.011(syst) o o
F, =0.315%0.006(stat+bkg) £ 0.009(syst) N ) ATLASICHS
- W68% CL  —
F, =-0.008 £0.005(stat+bkg) £ 0.006(syst) 01 95% OL ]
T R B Rk R Rk B B -
@ Lead by stat+bkg, radiation&scales, MC stats Re(Ve)
@ Compatible with SM prediction at NNLO QCD S VPSP PR
T oo Gstoy sM
@ Tightened the previous allowed regions of the Wtb anomalous 3 " S e e
e [168%CL
couplings (assuming real coefficients & CP-conserving) A a o
o CEint T —
- ' 0 ‘ ><Be;st Fit 3
ATLAS+CMS Vs=8TeV ——r—t—i _zzj_ g %ggi o 3
LHCtop WG total stat EE . =
Theory (NNLO QCD) F F —0-06;— - > AT;A:esct:'\IfitS —;
PRD 81 (2010) 111503 (R) R L _0.08F .68:/o cL 3
C 95% CL .
*——= Data(FR/FL/FO) Y| SR EREVN RAVEIN ENUVEIrIS ENUTIrS AT B AT TR W
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Re(g,)
ATLAS 2012 |+jets, L =20.2fb™ Hetl -
EPJC 77 (2017) 264 int

1D limits @ 95% CL interval
Coupling | ATLAS+CMS

CMS 2012 e+jets, L. =19.8fb™ e+
PLB 762 (2016) 512 int

CMS 2012 p+jets, L =19.8 o HH
PLB 762 (2016) 512 int

Re(Vg) | [=0.11,0.16]
Re(gr) | [~0.08,0.05
Re(gr) | [~0.04,0.02]

CMS 2012 singletop, L =19.7fb™" -
JHEP 01 (2015) 053 int

ATLAS+CMS, Vs =8 TeV Il
LHCtopWG

0 0.2 0.4 0.6 0.8
W boson polarization fractions




Probing Wib structure YORKH

Triple-differential angular decay rates in t-channel single-top-quark

In hadron colliders top quarks are produced predominantly in pairs (it).

@ Unlike tt, single top is produced polarized.

@ In the t-channel single-top-quark production, both production and decay
proceed through the Wtb vertex

@ BSM in production or decay can modify angular distributions of the decay
products of polarized top quarks

@ Direct searches for anomalous couplings in t-channel single-top-quark events
set limits simultaneously on Real and Imaginary part of anomalous couplings

@ Degree of polarization: P = |:“)s.§t / ‘§t‘ ~ 90% at 8 TeV for SM couplings

z
spectator-quark momentum

/ in top quark rest frame

W momentum in top “aPs  lepton momentum
quark rest frame in W rest frame Angular coefficients

L — —— =

| #% t-channel cross section:
PP 1 BN SR
0(0,0 ,¢ ; P) = Nd(COSQ)dQ* = ZZ Z ak,l,li?,ll(eaa*>¢*)

k=0 =0 m=—k

* * * Orthonormal functions
dQ =d(cos6 )de over the three angles




Triple-differential angular decay rates

YORKE

Analysis

@ Analyzed data: 20.2 fb-! at 8 TeV

INsW: Xy JHEP 12 (2017) 017

@ Selection: exactly one lepton, E;“iss , and two jets (1b-jet + 1untagged jet)

m. (PE™)>50GeV
O transverse mass 1 ({E;™) @ The model is based on the three

n et m in the forward region « *
O untagged jet must be in the forward regio angles 6,6°,and o

@ W boson and Top quark are fully reconstructed from the final state :
@ to determine:

objets four-momenta, to obtain q, ps and p, vectors o generalized helicity fractions

@ Largest backgrounds: tt, W+jets events o phases

@ signal and backgrounds normalizations estimated via simultaneous o top quark polarization

maximume-likelihood fit to the data
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Triple-differential angular decay rates YORKH

@ The angular coefficients measurement is compatible with SM \jF.y JHEP 12 (2017) 017

@ Limits obtained in the space of the generalized helicity fractions

and phases and polarization (P), and translated to Wtb anomalous 3004'25_ ATLAS  » BestFit 1
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Polarization & Spin Correlation YORKH
@ Top quarks decay before fragmentation Indirect:
@ spin information is preserved in the final @ Top spins determine the preferred lepton directions
state @ charged lepton is perfect spin analyzer
@ In SM, top quarks from tt produced un-polarized, @ Ap: angle between leptons in transverse plan
and spins are strongly correlated but ... @ large Ay preferred: tops are produced back to back
@ New physics could induce polarization @ We can indirectly probe the spin correlations
@ change spin structure via new mediator or using A® in the lab frame!
change the Wib vertex structure @ experimentally very precise because lepton

angles have excellent resolution

: t g . Direct:
@ Requires full tt reconstruction
. ?_ @ Spin density matrix (R) =» Matrix Element:
3 [M(qq/8g — tt — (£7vb)(£~1b))|> ~Tr[oRp].
g t 9 '
@ Can define observables sensitive to the coefficients of
(D the decomposed matrix R.
Left-handed @ + l g . . . -
coupling \W* I\ q H* v g @ Measurements: differential cross section of
v.q { ’ roduction:
t Ve — o ¢ & é‘;—" — %(1 +[Coef]x) £(x)
X
¢ & b O b



Polarization & Spin Correlation YORKH
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. CMS,/ |
Analysis 2~ \ll Phys. Rev. D 100 (2019) 072002

@ Top quark 4-momenta is fully reconstructed
@ Probe spin in 3D (15 observables):
@ related to independent coefficients of spin-dependent
parts of the tt production density matrix

R: Spin Density Matrix

@ Each coefficient is extracted from a measured | |
L do _ 1 qigieBi-1rch
normalized differential tt cross section . d0 Q. = (475)2( + v S v S * )
Indirect result using Ag(ll): FSM(A(D) = I.IOfg'i‘; Polarization Correlation
' 15 observables = 343 + 3x3

@ Fully consistent with SM

Top quark anomalous chromomagnetic dipole moment Parton level, full phase space
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Polarization & Spin Correlation
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@ Measured top quark polarization: consistent with zero £

@ opening angle between the leptons (in parent top rest

frames) has maximal sensitivity to the alignment of the

1 do
o dcoso

top quark spins:
O D=-0.237+0.007+0.009
O fsm=0.97x0.05

@ Results are consistent with unity = measured spin

= %(I—DCOS(D)

correlation strengths are in agreement with SM prediction
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Forward-backward Production Asymmetry  YORKH

Where it comes from?

@ @LO: top quark and top anti-quark are symmetric with respect to the

angular distribution
@ @Higher orders: interference terms between between qq — tt
causes an asymmetry:

_o(c >0)-o(c <0)
B 5(c" >0)+o(c <0)

@ BSM causes Angular distribution anomalies:
O impose maodification to the ttg vertex,

O introduce high-mass resonances coupled to top

@ tt production @ LHC is dominated by gg — tt (~ 90% @13TeV)




Forward-backward Production Asymmetry  YORKH
Analyei

@ Analyzed data: 35.9 fb! at 13 TeV S oo ows T
= C Simulation i
@ Selection: Lepton+jets events with “boosted” and “resolved” topologies 0,027 —qq i
Y h 1
L 0.02r —

f

@ tt events fully reconstructed via kinematic fit

@ The 49 subprocess is approximated as a linear function of c* 001"

. 1 0.0055
= f X dX A(l) m E I | | | | | | | | 1
sym |:.[—1 Sym( ) ( tt) 01082060402 0 02 04 06 08 1
C*
@ Templates are built using m., ¢c* and X scaled longitudinal momentum Ozg_cms oA

£ Simulation I,

@ Anomalous chromoelectric (dt) + chromomagnetic (H4t) dipole moments

Fraction/0.02

are probed from the symmetric term

<2 Template observables =

Type 3 M+je’[S (SR) 35 9 fb (13 TeV)
N e ] L L L e rrrrT T T rrrrT rrrrT rerrTT T e ] L] L Ll R By
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w _ --—- ¢,*=0 points 3
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:_ _: g 0.05: Simulation —
— 7 E r o
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- . S C
- ] o Cf
u ] L 0.03f -
0.02f 3
Q -
= 0.01F -
& C
CU . : | -I | :
G b B0 6 06 08 T8 B8 58 40 58 65 170 86156206 216250 T 8001000 1200

Template bin m; [GeV]



Forward-backward Production Asymmetry  YORK]I

[ . (] . -1
@ A linear combination of the 3D templates fitted to data for each ~ e 3591 (18 Te¥)
= FCMS i 1
topology, lepton flavour and charge = | Hiellhood sean
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o ]
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: : : 4= o
@ Values are consistent with SM expectations - )
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04 02 0 02 |°'4 X'(?) ~0.06 -0.04 002 0 002
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CP violating anomalous top quark couplings YORK ]!

Where it comes from?

@ The CP symmetry is violated in the SM, although not large enough to

explain the matter-antimatter asymmetry

top - gluon dipole couplings

@ Search for new sources of CP violation is ongoing in many sectors D T —
,lAC =3 tT o™ (ay + iysdy )tG!

@ Large CP violation is proposed in BSM via chromoelectric dipole /
CP-odd CEDM

moment (CEDM) interaction of top quark

@ The CP-odd physics observable with largest sensitivity: Levi-Civita

EEEIE Oh= g(ptl pf/ pgl pz)
(3= S(prPBI pgl pz) Asymmetry , o ,
}A' ~ N(O;>0)-N(0O; <0)
@ Asymmetry (Aj): number of produced events, N, with a positive and ' N(O;>0)+N(O;<0)

negative value of the observable 611 in top quark pairs

@ Some BSM models [1] predict an asymmetry as large as 15% and 9%

for (91 and (V3

@ Asymmetry (A)) is linearly proportional to the CEDM

[1] Phys. Rev. D 93 (Jan, 2016) 014020




Analysis \ CMS-PAS-18-007

@ Analyzed data: 35.9 fb-1 at 13 TeV o o8 35.9 " (13 TeV)
_ C)‘_':'"I""I""I""l""lIIII
@ Selection: dilepton tt events in ee, ey, pyu channels S o gfﬁnﬁnary P channe
@ kinematic event reconstruction applied E 0.0
_ _ £
@ Main backgrounds: tt(other channels), single top § 0.02}~
@ Maximum likelihood fit used to extract Aj, (7; , and O - oF
@ Measurement is limited by signal modelling (color reconnection, o easured Asymmety
inerying vent R
—0.06 |
@ CEDM is extracted from linear fit to the Asymmetry distribution I Bl s ooecec
_008_1 11 1 | L1 1 1 I | N | | 111 1 I L1 1 1 I |
@ Results are in agreement with SM Ry
tG
35.9fb™ (13 TeV)
Omo.os_...|....|.,..|....|...,|...,
- 0.06\— Preliminary
g 0.04 -
Asymmetry and uncertainty (x107°) £ 1
Physics observable et uT ete” utu~ Combined 2" E
O 69 &+ 53 88 =75 06 =34 24 £ 28 or )
O3 61 +53 41+ 75 —17 +34 04+ 28 oo ]
PhYSiCS Observable dtG CEDM (10—18 gS . Cm) —0.04: + asymmetry from d, . samples  __|
O1 0.10 + 0.12(stat) £ 0.12(syst)  0.58 = 0.69(stat) £ 0.70(syst) o6k 69% expected .
O3 0.00 + 0.13(stat) +0.10(syst) —0.01 & 0.72(stat) + 0.58(syst) i B 5% expectea
d

tG



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-007/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-007/index.html

Top Quark Rare Decays YORKH

Flavour Changing Neutral Current in top quark

@ Top quark couples to an up-type quark (u or ¢c) and a neutral boson

(Y,Z,H,9)
@ Forbidden at tree-level in SM

@ Heavily suppressed at higher orders via GIM suppression (rate is not

observable with current dataset)
@ BSM can enhance FCNC up to ~ 104

@ Any observation of FCNC can indicate new physics

@ FCNC probe can be done in both top quark production, and decay

Top quark in SM

Process SM 2HDM(FV) 2HDM(FC) MSSM RPV RS
sd.b t— Zu T7x10717 —~ —~ <1077 <107 —~
t—Zc 1x10~% <1076 <1071 <1077 <107% <107°
t ny t—gu 4x10714 —~ —~ <1077 <1076 -
) t—gc 5x10712 <1074 <108 <1077 <1076 <1010
W t—>yu 4x10716 —~ —~ <107% <107° —~
§. 7 t—=yc 5x107 <107 <107° <107 <107 <107°°
t—shu 2x10717 6x10°° —~ <107% <1079 —~
GIM t—he 3x1071% 2x1073 <107° <107% <107 <107¢

BR~ 100% BR~ 10-12 - 10-17




FCNC in Top Quark YORK

_>
Search fort > u/cy A@TL@S Phys. Lett. B 800 (2019) 135082

@ Analyzed data: 81 fb-1 at 13 TeV

||||||||||||\|||||||||||||||||||\|||||||\|||||||\
= ATLAS ¢ Data 7 Uncertainty =
E -1 -
- Vs=13TeV, 81" __ qono1 x10) I W-y+jets
| tuy, LH .

E CR W4y+jet .e—w fake DZ+7+Jets

Q
@ Only leptonic top quark decay is considered " PostFi CJiorioce Wonerromot s
@ Models with left-handed (LH) and right-handed (RH) -

—_
o
<

Selection: exactly 1 photon, lepton and b-tagged jet and E™

Events / bin

couplings are considered

@ Neural Network (NN) classifier trained for each model using

kinematics of the final state objects

@ Dominating backgrounds: e — y fake and V+ y +jets %;::Z WW’WWW%
o Data driven normalization estimate TToaTeE 05 84 05 66 o7 S
O Data driven estimate for photons misidentification R A AN AL AL D ARARARA

(oD 10°E ?EiﬁgsTeV 81 fb’ ;a/ata ﬁUnce:ta:nty_:
N S ’ +y+jets e—y fake J
% - tgé IZ':( []z+v+iets [imyfake
i, oo Post-Fit .Other prompt y -
= ;

1045— * _;

10° =
$1.025 ¢ E
[m)] =
0-95,0"30 40 50 60 70 80 90 100 110 120

p; [GeV]
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I V. E
IV E

Resuts ___ JNEE 0 0o s

EEEEEEEEEE

@ The results are consistent with the background-only hypothesis

i% "~ ATLAS ¢ Data 7/ Uncertainty g
@ Limits are set on the LH and RH flavour-changing tqy coupling £ | (s=13TeV, 810" _ g0 i0) [wersiots =
along with production cross section and branching ratio . oh Weoviake  [[]Zeysiets
o'l Post-Fit [ Jiovfake [l Other prompt ¥ |
Observable Vertex Coupling Obs. Exp. . :
C e Ty LH 019 022707 " :
cly) + B fuy RH 027 027700 - .
Co+ ey LH 052 0577
i + G2 tcy RH 048 0.597) .2 10
o(pp — ty) [fb]  tuy LH 36 52°, B1.125 £ ,
o(pp — ty) [ib] tuy RH 78 753} %0 87; ?"/””‘///W’WW/%////////%/M/
o(pp — ty) [ib] ey LH 40 49i%2 - 6'7505 01 02 03 04 05 06 07 08 09 1
o(pp — ty) [ib] tcy RH 33 52:“121 NN output
B(t — qy)[10™°]  tuy LH 28 4.0°°
Bt — qy)[1075]  tuy RH 6.1 597
B(t — qy)[107°]  tcy LH 22 27!
Bt — qy)[1075]  tey RH 18 28
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@ Two channels are considered:

@ single top quark FCNC production (pp — tZ)
@ top quark pair production with FCNC decay (t = q2)

@ Looking for events with:

@ exactly 3 leptons= one opposite sign + same flavour pair
@ 1=<jet(s) =3 & W transverse mass < 300 GeV
@ Dedicated BDT discriminants for each of 3 signal regions

@ Set observed (expected) 95% CL limits on the branching

ratiot = g<:
2(t - uzZ) < 0.0249% (0.015%)
2(t — cZ) < 0.045% (0.037%)

P 35.9fb" (13 TeV) 107 35.9 b (13 TeV)

% 4 T T LI N I L B N O L B N O B ,I_’\ 04 ........................................................... I ......... [ PR RN B PO RPN | SR F S P -1 P U | SO Jn
af CMS Prel/m/nary ----------- —— Observed N E - CMS Pre//m/nary - —— Observed .

: B Expected 1o 4 = 0.3 e ... [ Expected 1o 3

1.2 ; ................. ..................... ................. Expected +2 © ] < : : P Expected £ 2 ¢ ]
B obs. JHEP07(2017)003 | = obs. JHEP07(2017)003 —|

| Y S — S — o e exp. JHEP07(2017)003 | - S exp. JHEP07(2017)003 ]

e i : : : n 025__ ' R PYCEDRRRR: """"""""" .“x\ """"""""" """"""""" E """"""""" """ —

|_><10_3 11|'11|'|1|'|11| i )(10_(3
035 002 004 006 008 01 012 014 016

Ko/ A (GeVT)
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Search fort = qZ

@ Looking in top-quark pair events for one FCNC and one SM
top quark decay:
@ three isolated leptons (e, W)
@ at least two jets, (one b-tagged) and MET

@ Only Z boson decays into charged leptons and leptonic W
boson decays are considered as signal

@ Events are reconstructed via X “minimization of the kinematic
properties of the final state objects

@ The data are consistent with SM background contributions

Set observed (expected) 95% CL limits on the branching ratio

t - qZ:

Z(t - uZ) < 0.017% (0.024%)
Z(t - ¢cZ) < 0.024% (0.032%)

Events / 10 GeVWV

Data / Bkg

Events / 10 GeV

Data / Bkg
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C ATLAS ° Data
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@ Two channels are considered:

CMS
JHEP 06 (2018) 102 i

35.9 fb'1I (13 TeV)

@ single top quark FCNC production (pp — tH) T ' ' Hut
. . . © ool 95% CL upper limits —
@ top quark pair production with FCNC decay (t > qH) =~ =~ ™~ Median expected
@ Looking for events with: 5L B 68 expected
95% expected
@ one isolated lepton (e, 1) and at least 3 jets (at least 2 of = Observed
10— —
which are b-tagged)
@ Dedicated BDT discriminants for 5 signal regions > N
@ Set observed (expected) 95% CL limits on the branching ratio 0 | | | |
b2j3 b2j4 b3j3 b3j4  comb
t = gH: B(t = uH) <0.47% (0.34%)
(o) (o)
g(t - CH) < 0.47 /O (0-44 /O) &'P‘E\R_\Mi | | | 3|59 fb-1 (I13 TeV)
S | cMs Het
© o0k 95% CL upper limits _

....... Median expected
I 68% expected

15— 95% expected N
= Observed

101 —

5 ——

| | | | I—
b2j3 Db2j4 Db3j3 b3j4 bdid comb




FCNC in Top Quark

FCNC @LHC in summary

@ ATLAS and CMS limits
on:t — q(H/y/g/Z)
branching rations

comparison to BSM

t—>Hc
physics
t—Hu
@ The full Run 2 dataset is t—vyc
still to be analyzed
t—yu
@ More interesting results
t—gc
to come, stay tuned!
t—gu
t—>Zc
t—>Zu
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Summary & Conclusion JORK

N/
%*

%

New W boson polarization measurements combination at 8 TeV

& Improved polarization precision, tighter limits on the Wtb anomalous couplings

Triple-differential angular decay rates in t-channel single top events

& All angular coefficients are compatible with SM, limits set on anomalous couplings ratios and Polarization with no

external constraints/ assumptions

Top polarization and spin correlation is measured at 13 TeV (2016 data only)

& Polarization is consistent with zero, spin correlation strengths are in agreement with SM prediction

Forward-backward Asymmetry (Arg) and CP violation are studied in top quark pair production

& Results in agreement with SM expectation
FCNC measurements are reaching some BSM effects sensitivity, no evidence found yet (but ...)

Most measurements are limited by systematic uncertainties

& Measurements with full run 2 data to improve the current precision and probe rare processes

All measurements are so far consistent with the SM predictions
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Stay tuned for more full Run2 analyses! LAS | —
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W Boson Polarization Measurements £ = YOR;If ]

Input measurements

Measurement Fy Fy Fr
ATLAS (¢+jets) 0.709 £0.012 £ 0.015  0.299 £ 0.008 £ 0.013 —0.008 £ 0.006 £ 0.012
CMS (e+jets) 0.705 £0.013 £ 0.037  0.304 £ 0.009 £ 0.020 —0.009 £ 0.005 £ 0.021

CMS (p+jets) 0.685 £ 0.013 =0.024 0.328 =0.009 = 0.014 —0.013 = 0.005 £ 0.017
CMS (single top) | 0.720 +0.039 +0.037  0.298 + 0.028 £0.032 —0.018 £ 0.019 £ 0.011

Total Correlation Total Correlation

ATLAS+CMS combination | I l I [
F, Fy, F, CMS(single top) 0.20 0.22 0.31

Fractions 0.693 0.315

Uncertainty category

Samples size and background determination FL CMS(u+jets)

Stat+bkg 0.009 0.006

Size of simulated samples 0.005 0.003 F, CMS(e+jets)

Detector modelling

JES 0.004 0.002

JER 0.004 0.002 F ATLAS

b tagging 0.001 0.001

JVF 0.001 0.001

Jet reconstruction < 0.001 < 0.001 Fo GMS(single top) 015

Lepton efficiency 0.002 0.001 —-0.2
Pileup < 0.001 < 0.001 F, CMS(ujets) ATLAS+CMS |

Signal modelling LHCi1opWG 0.4
Top quark mass 0.003 0.004 L., =19.7-20.2 b

Simulation model choice 0.006 0.005 Fo CMS(e+jets) \s=8TeV 1 06
Radiation and scales 0.005 0.004

Top quark pr 0.001 0.002 F, ATLAS | 08
PDF 0.001 0.001 | I | | | I |

Single top method 0.001 < 0.001 B a5 o> oo O Ar L o F o Fo

Total uncertainty 0.014 0.011 lag MS( */e;w) (”*/eﬁ/lf(s’ng/L MS( */e;w) a‘*/eﬁ/l) (”79/9 -



Triple-differential angular decay rates YORKH

INa: Xy JHEP 12 (2017) 017

> R BN B DL B L I I B BRI ILRURE o ARSI B B B UL UL IR BN
o - ATLAS e Data = © 20000 ATLAS e Data —
¢ 20000F » 1 Z -/ » ]
0 - \s=8TeV, 20.2fb \ t-channel - % 18000E- \s=8TeV, 20.2 fb \ t-channel =
— 180001 Presel. signal region I {7, Wi, s-channel - < = Presel. signal region M 1, Wi, s-channel ]
P 160002— W-+heavy-jets = 2 16000 W +heavy-jets =
= = I W+light-jets = L = | |JAn(non-b-jet, b-jet)| > 1.5 I W+light-jets 3
Q© 14000 Z+jets, diboson = 14000 Z+jets, diboson —
kT = B Multijet 3 . B Multijet 3
12000 Wy MC stat. + multijet unc. — 12000 Wi, MC stat. + multijet unc. ™
10000F- AH >195Gev | 10000 E
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6000 — 60008 —
4000 — 4000 ) =
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= = S — A S e o 2V
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S 8000+ W+heavy-jets — ; 16000 W+heavy-jets —
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- Z+jets, diboson N G>J 14000— Z+jets, diboson ]
/» I Multijet N 0 - I Multijet .
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_Anmon-bjety 20 1 10000E 4 m(vb) > 130 GeV -
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Triple-differential angular decay rates

Angular coefficients

1
ap,0,0 = ﬁ )
V3
ap.1,0 = Efl (fl - —) ,
_ 1 (3,
0,2,0 Jior \ 2 1 ,
1
a1,00=+P Vi (fr2fi =
1
ai11,0=+P = fi,
T
1
a120= + \/m (fl (2f1

a1 =(a11,-1)" =

ajo1=(a12-1)" =

167r

V80w

1)+

1) -

sy JHEP 12 (2017) 017

Helicity parameters

Coupling ratios

Source o(f) | oG)/x | oRe[gr/VLD | odm[gr/VL])
Statistical 0.022 0.013 0.030 0.027
Jets 0.029 0.007 0.039 0.009
Leptons 0.014 0.002 0.017 <0.001
E?iss <0.001 <0.001 <0.001 <0.001
Generator 0.027 0.006 0.030 0.010
Parton shower and hadronisation 0.004 0.003 <0.001 0.003
PDF variations 0.008 0.004 <0.001 <0.001
Background normalisation <0.001 <0.001 <0.001 <0.001
Multijet normalisation <0.001 <0.001 <0.001 <0.001
W+jets shape 0.015 0.005 0.007 0.009
Luminosity <0.001 <0.001 <0.001 <0.001
MC sample sizes 0.009 0.006 <0.001 0.013
Other <0.001 <0.001 <0.001 <0.001
Total systematic uncertainty 0.044 0.010 0.061 0.017
Total 0.017 0.068 0.032

0.049

+(1-f)1-2f7))

2(1 - f1)(1 - 2fg)) ,

\/fl 1—f1) {\/ffffa* e +1/(1 = £ (1~ f§) e""s-}
e VRA= W Vi o5 = Ju = fa - )|




Polarization & Spin Correlation YORKH

CMS 35.9 fo' (13 TeV) CMS 35.9 fo' (13 TeV) CMS 35.9 fo' (13 TeV) g
_Q-\ E T T T T T T T T T T i :'\ L T T T T T T T T T T B E\ L T T T T T T T T T T ]
&' 1 5| + Unfolded data ~-NLO, SM ] <" { 5[ 4 Unfolded data ~-NLO, SM i <" { 5[ # Unfolded data ~-NLO, SM _ ¥
8 [ — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated | 8 | — POWHEGV2 + PYTHIA8 -- NLO, uncorrelated ] 8 | —POWHEGV2 + PYTHIA8 -- NLO, uncorrelated ]
S5z [ -- MG5_aMC@NLO + PYTHIAS [FxFx] Slo | -- MG5_aMC@NLO + PYTHIA8 [FxFx] Sl= | -- MG5_aMC@NLO + PYTHIAS [FxFx] R
L 2] L L ————————
8 B g ] o B —— A s e T .o ] 8 . EEEEEE o i <
8 1 —— S 8 1 = o
5 [ © I _ © I -;U
e e T 2
0.5r 5 0.5F - 0.5F . .
: """""""""""" : e e —aaat : """""""""""" U
L L L =
e R — ol ] o
O s dmose O s s dmose | ——] =
1L ™ Stat  Stat ® Syst N 14 Stat ' Stat ® Syst ! | ~
> ’ > ) ' )
5| 5| s =
o3 o3 1H 55
== [ AR —
09 | — o
e mepama ! . ~d
—1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 0.5 0 0.5 1 N
cos6'cose cos®’,cose), c0s8’cosh) S
]

p Cik =0.30+0.02+0.03 p Cir =0.08+0.02+0.02 p Chn=0.33+£0.01£0.02
SM: 0.33 SM: 0.07 SM: 0.33

L] L] L] L]
Diagonal elements of C matrix Off-diagonal elements of C matrix
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—+— POWHEGV2 + PYTHIA . S 07 o
—e— Data | + 8 —e— Data POWHEGV2 + PYTHIA8 (o) 8 0.7 L ¢ Unfolded data ----NLO, SM ]
—=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx] —=— NLO calculation —*— MG5_aMC@NLO + PYTHIAS [FxFx] © 8 [ —POWHEGV2 + PYTHIA8 -- NLO, uncorrelated ]
—— NNLO calculati Lo 1
calculation . ] ~lo 0.6- MG5_aMC@NLO + PYTHIA8 [FxFx] 1
Cu e 0.300+ 0.022:+ 0.031 C,+C, -0.193+0.035+ 0.053 L =
nan [ + . S ]
e ] i 1
Crr I—T_;!_{ i 0.081+£0.023 £ 0.023 Crk _ Ckr AvH_._H 0.057 + 0.035+ 0.029 | E |

C., He—H  0.329+0.012+0.016 C,+Cn He -0.004 +0.028+ 0.024

] v
-D M 0.237 +0.007 + 0.009 C.,-C, e -0.001+0.028+ 0.025
gl Al
- . ey
AL 0 rib: 0.167 +0.003+0.010 C..+C,, H—.—HAv -0.043 £ 0.031+ 0.026 1051 T~ mStat  Stat ® Syst |
I—Iﬁ ] E’ © . :
A|A¢"| r—H—!HH 0.103 +0.003 + 0.007 C.-C., . H—e—H 0.040+0.025+0.016 Sls 1 #
result + (stat) + (syst) result + (stat) £ (syst) |'E Q P
| | | | ! | | | | | | 0.951 : ]
| 1 | | | | 1 | 1 | | 1 | | 1 1 Il 1 | 1 | I - | I - | N - 111 1 | N - 111 1 | - 11 N N 1 )
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TLA!S Eur. Phys. J. C 80 (2020) 754

Indirect measurement

@ A distribution measured in ey channel _ o
_ & parton level, full phase space particle level, fiducial phase space
@ corrected in data for acceptance effect T e md T osfmm M
g 1ol v/5=13TeV, 36.1fb" g V/8=13TeV, 36.11b~"
= I = 1.25F
@ Data vs NLO discrepancy in both full and o5 1 of5 1odf ]
fiducial phase space is observed < | S oz . .
—1lb e Sl 1 =10 e w: 7
fSM= 1'25 ﬂ'08 z 3'20- . : + Data e Sherpa : 0'50—_ + Data 00 e Sherpa ]
) ) ) ) L : EowEeg ::ythi?87 ----- Eowgeg Py(;higB ] 025i_ : Ilzow:eg IIi’|ythi§187 ----- Eowgeg Py;hijs _
@ Due to Missmodelling of top quark kinematics 088 T \esavconioryma ] TI wesawcanorme ]
N 1.05 EEE Stat. ] Total :'______n--u-u . 1.05- [ Stat. 1 Total poeeneeeny |
: : : SIE 1.00 SIE§ 1.00
@ Dominant systematics uncertainty: generator =% oespET l =17 0es

| | i L |
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

radiation and scale Settings Parton-level Ad(F*, I-) /r[rad/n] Particle-level Ad(/*, 1)/ [rad/r]

@ None of the studied MC generators are able to

R S A A T A A A A AR AN A A

reproduce the normalized A distribution within g 16 ATLAS inelusive 1 5 oef MOlSVe ATLAS =

_ = [ Vs=13TeV,36.1f0" S \s=13TeV, 36.1fo" ]

the experimental errors ©1AT 1 12se 008 e B 3 | .

. = -2 102k ] ]

@ NNLO: reduced discrepancy $12 E=— i , -
: s : =T B T e Ccun SR

@ NNLO+EW: compatible within (large) uncertainty ™ 1 f'f CE i om FeR
;.....ﬂﬂﬂ'ﬁ ] 981 — Powheg+Pythia8 o .

08~ T _ Powheg (SMspin) | 006k 2 NLO OODEW (o zmy +

i — Powheg (No spin) ] “"I NLO QCD+EW sciie up/down .

. 0.6 ¢ Dat — [ === MCFM y

SUSY: search for top squarks production: : - Fitresut I St SR _
Excluded top squark mass: [170 - 230 GeV] 04010503 040506070808 1 °% 010203 040506070808 1

Parton level A¢(I",I)/x [rad/x] Parton level A¢(I*,I)/n [rad/x]




Forward-backward Production Asymmetry  YORKE

CMS

JHEP 06 (2020) 146

Source Uncertainty in lype  Size Affects
Jet energy scale +1lo(pr, 14, A) N&S 7.6% All

Jet energy resolution +1o(|n]) N&S 3.2% All
Pileup +10(npy) N&S 29% All
Boosted ji+jets trigger eff. +1o(pr, 1) N&S 04% Type-1/2 p+jets
Resolved pi+jets trigger eff. +1o(pr, 1) N&S 01%  Type-3 p+jets
Boosted e+jets trigger eff. +1o(pr, 1)) N&S 18.6% Type-1/2 e+jets
Resolved e+jets trigger eff. +1o(pr, 1) N&S 25%  Type-3e+jets
Muon ident. eff. +1o(pr, 1|, npy) N &S  04% All pi+jets
Muon PF isolation eff. +1o(pr, ||, npv) N &S  02%  Type-3 pu+jets
Electron ident. eff. +1o(pr, 5)) N&S 1.0% All e+jets

b tag eff., b jets (loose) +1o(pr, 1) N&S 25% Type-1/2

b tag eff., cjets (loose) +1o(pr, 1) N&S 1.2% Type-1/2

b tag eff., light jets (loose) +1o(pr, 1) N&S 6.3% Type-1/2

b tag eff., b jets (medium) +1o(pt, 1) N&S 19% Type-3

b tag eff., cjets (medium) +1o(p1, 1) N&S 0.8% Type-3

b tag eff., light jets (medium) +1o(p1, 1) N&S 1.2% Type-3

t tag eff. (merged) +1o(pr) N&S 1.6% Type-1

t tag eff. (semimerged) +1o(pr) N&S 22% Type-1

t tag eff. (not merged) +1o(pr) N&S 2.8% Type-1
ISR scale +lo N&S 22% tt

FSR scale +lo N&S 26% tt
ME-PS matching (hgamp) +10 N&S 25% tt
CUETP8M2T4 tune +lo N&S 24% tt
Color reconnection tlo S 2.8% tt

b fragmentation +1o(xp) N&S 37% tt

b branching fraction == oy N&S 1.0% tt

Top quark pr reweighting +1o(pE™, pE™) S 2.5% tt
PDF/uag variation NNPDF 3.0 S 1.5% tt
Renormalization scale pr Tur = 2ug S 2.6% tt
Factorization scale ur %yF — 2Up S 1.5% tt
Combined pur/ g scale 1 — 2(ur and pr) S 3.8% tt MC
Integrated luminosity £2.5% N — All

Raq +1% N&S — Al fyp/ fame
R tjets +10% N —  All W+jets MC
RgC%R (20 params total) +10 (stat) N — Multijet
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CP violating anomalous top quark couplings YORKHRU

cMmS/ |
Uncertainty (x107°) | CMS-PAS-18-007
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FCNC in Top Quark YORKN

EXPERIMENT
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Polarization & Spin Correlation e

ATLAS: Indirect measurement

A@é Eur. Phys. J. C 80 (2020) 754

EXPERIMENT

@ Acwp distribution measured in ey channel _ o
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