VNIVERSITATG D VALENCIA

INSTITUT DE FISICA CS[C
CORPUSCULAR

Top quark and electro-weak physics

Maria Moreno Llacer (IFIC, Uni.Valencia - CSIC)




Introduction

After the Higgs boson discovery, Standard Model (SM) measurements have two main goals:
- validate SM in new energy regime and improve precision of known SM parameters
- test SM for new physics (NP) contributions

Electro-weak and top quark physics have a great potential in both of these goals:

- unique signatures

- several rare processes predicted by SM, where the loop contributions (e.g. from NP particles)
can give sizable effects, become sensitive tools to probe the NP models

- enough data for precision measurements of rare processes!

- theoretical predictions for most of the processes can be calculated with high precision

Very rich programme, only some recent analysis presented here.

All results are available in:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP (:-v " L HC Run 2 (140 N\
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP Wf) Is @ (;7OUOO 1%6 01b )
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHC TopWGSummaryPlots osons

Z bosons 8000 10¢

Top quarks 130 1068
Thauks to LA & the detectone/ \HiQGS bOsONs 8105
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Cross sections measured for several SM processes

New areas opening up as the luminosity increases
June 2021

CMS Preliminary
i 7 TeV CMS measurement (L < 5.0 fo™)
S A i 8 TeV CMS measurement (L <19.6 fb'™
R B i 13 TeV CMS measurement (L < 137 fb™)
5n JeT Pl - Theory prediction
Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
Zn Jet(s)
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All results at: http://cern.ch/go/pNj7
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Electro-weak physics
Precision measurements
Single and diboson production cross sections

Inclusive four-lepton differential cross sections
WZ(->3l) and longitudinally polarized W bosons
WWW observation

Vector boson fusion (VBF) & vector boson scattering (VBS)

Polarisation of W bosons in W*W *>21"2y
ry=2>WW

WYV semileptonic

EW Zyjj production

Top quark physics

Top mass

Production cross sections

Top couplings to W bosons (single top cross sections, V;, and top polarisation)
to gluons (cross sections, spin corr., charge asymmetry, search for CPV)
to neutral bosons y/Z/H (cross sections)

Global EFT fits

Searches for flavour changing neutral currents
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t  Electro-weak physics

. leptonic
hadronic . o
visible invisible
leptonic hadronic
Z° > ete’
wt > Ity W' > qg
Z° > qf Z°> ptp Z° > W
W =1V W — qq e

Z°> Tttt
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Some EW precision measurements

/Weak mixing angle (8 TeV data)\ ﬁirst measurement of CMS-PAS-SMP-18-M
" - u " 11111 -1
ATLAS Prehmmary ZeanISIble Wldth at a_C.NfS. I.)r?ll.mlm.ar.y. . 36.'31ﬂ.:’1 |q3.T|eY2
M LEP-1and SLD: Z-pole o 0.23152 + 0.00016 . 8 M
8 LEP-1 and SLD: Ay —e— | 0.23221+ 0.00029 hadron COI I Ider ALEPH| | ® | - 450 + 48 MeV
© s A, B —e—i | 0.23098 + 0.00025 . C
S Tevatron B —— | 0.23148 + 0.00033 F_inV/ FN ratio from a L3 —eo— —498 + 17 MeV
E LHCb: 7+8 TeV B ~ . | 023142 + 0.00108 simultaneous fit of ]
=  cMS:8Tev B —— | 023101+ 0.00053 Z-vv and Z-¢¢ OPAL i~ F—e—— 539+31MeV
O ariasi7Tev ¥ o |o23080+000120 Jf  FTTUUUUooommooooomToooooooooood
L') ATLAS: B N 2 . LEP Comb. —o—] 4503 + 16 Me\
%)) DeScctHIL B e B 0.23119 + 0.00049 S|ng|e mOSt preC|Se _______________________________ ]
i ATLAS: ee,. i et | 0231654000043 direct measurement. ovs E Jo0s 16 ey
=  ATLAS:8Tev — e 0.23140 + 0.00036 I I :
< | béé B 62'3‘1 - d2I3I2I | Comparable ' IR AR AR EE I B R ] +i1:é (Statz
Sin20' precision to LEP. 00 40 500 550  eoo O YSY /
. . Iinv [MeV]
EW fit: S|n26'§ﬁ = 0.23153 + 0.00006 D

/ —— Total uncertainty

== Stat. uncertainty

ALEPH

DELPHI

L3
OPAL
CDF
DO

80370 + 19 MeV

ATLAS

arXiv: 2109.01113

LHCb 1.7 b’

Electroweak Fit

80354 + 8 MeV

80354 + 32 MgV ——¢— —_

@~

my
80369.5 + 18.5 MeV,

QOIOO 80150 80200 80250 80300 80350 80400 80450 80500

my, [MeV]

/ ATLAS 7 TeV @ 4.1 fb! > dmy~ 0.02%

First measurement of my, from LHCb
Simultaneous fit to g/prin W—-uv and ¢* in Z-uu

mw — 80354 + 23stat + IOexp + 17theory + ngF Me

LHCDb (1/3 Run 2 data) & O(10) MeV stat. unc. with full Run 2

80369.5 + 6.8 MeV(stat.) + 10.6 MeV(exp. syst.) + 13.6 MeV (mod. sym
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Are W/ Z boson decays as expected?

Lepton universality? Charged lepton flavour violation?
. ?
Measure W boson BRs in tt events Z->et/pt decays?
Thadooi § :AT;.ASI | . {D?ta | fkl ]
ad-v'j,v S 1200015 = 13 TeV, 139 fb” je_)_;;had-vis akes |
w e = N ? (o 2 - SRuriP =i ]
W boson W boson 2 §10000__ ’ 'IQct)rt]aelrﬁnce rainty ]
I B .° eeeZouT (B= 5><10'4)Ef
R LA L B AL B B L L 8000_ i
~ —~ | ATLAS —=— LEP (Phys.Rept. 532 119) 2
o) S s =13 TeV, 139 fo' ATLASS-tetlnlsSticr:(Z?Li,lltncertainty 60001 :
% Ql/ : [ Systematic Uncertainty C
_é' 0 —e— Total Uncertainty 4000(
% ¥ -— BR(Z—ert) < 5.0-10° @95CL 2000l
5 < . BR(Z—pt) < 6.5-10° @95CL i
=) : 0
(ZUQ- ...|...é..,|,.‘|..‘|‘.‘|.‘.\ . . . 31'1:'
098 1 1.02 104 1.06 1.08 1.1 Supersedmg LEP limits. s 105 A
R(t/w)=B(W—1tv)/B(W-puv) o = ]
Limited by stat. unc =Bl N
01 02 03 04 05 06 0.7 08 09

CMS Preliminary 35.9% ' (13TeV)

1.15

—>improvements expected Gombined NN output

= in next LHC runs _
Q@ Nature Physics 17, p.819-825 (2021)
gi , arXiv: 2105.12491
% i & LEP: BR(Z—et) < 9.8:10° (OPAL)
L : BR(Z—ur) < 12:10° (DELPHI)
o)
- S
2 - ATLAS: BR(Z—pe) < 3.04-107 ATLAS-CONF-2021-042
&) i t0)

"o om o s 0 s Also cLFV studied in top quark (and Higgs boson) decays

B(W—ev)
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(Differential) cross sections with 1 or 2 vector bosons

May 2021

CMS Preliminary
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i 7 TeV CMS measurement (L <5.0 fb™

i 8 TeV CMS measurement (L < 19.6 fb™)
# 13 TeV CMS measurement (L < 137 fo™)
- Theory prediction

| I L L L L L L
>2] >8] >4j >5 >6] >7]

Wiz, 1T 1T T 1T T
o o =0 =1 =4 =8 o =1 =3 =

All results at: http://cern.ch/go/pNj7 Fiducial W and Z os with W—lv, Z—Il and kinematic selection

Also WW and vy differential cross sections.
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Diboson production

June 2021

oY I Diboson Cross Section Measurements Status: July 2021
ot L . : o —
=10 . ] vy
E - N . . . . . . e — R
© E.m o] Vi | - -
oy 104 B Zy-tty S0 ATLAS Preliminary
E: H . . . . . . . XX
- Eoznjetsy: oro 2
i) S . T = [ = 0] V5 =7813 TeV
-'6 103|=—' i 0 £ 0 A —Zy-wvvy NNLOQeD
(D) F: 5] o .
) F Y SR AR R R £ woaco
. . k .Z- . . . . . . . . . _ L —
x 10°F T'Ts B S et o =1 LHC pp & =13 Tev
=S A - - —eu, [Njer > , Data
R S -WWwW , [Njer = o
O B T P "ﬂ R R - WW e :ieizf;] . stat o syst
O 1O'§_§ =" | | Triple boson || W? B LHC pp V5 =8 Tev
(- i : e e T —WZtvet s mm e
O : 50X stat ® syst
= 1 E S 2z S LHC pp Vs =7 TeV
8 : D i b oson — 4 ¢ incusive (60 Gev <mat< 200 GeV) _ SDlg'[ta
O 1 0—1 '§_ T - ZZ-ttwy e — stat ® syst
O = 77" —4¢
0-10—2,=_f WV i
E -WV-év)
= VH
_al: —H-bb
10 3 . . N N N - H vy 1 L 1 L L 1 L 1 L 1
PoioE b 0.6 0.8 1.0 1.2 14 16
 CMSPreliminary data/theory

10 * 11— T T T T
W Z Wy Zy \NW'WZ ZZ v wwwwwz wzz zzz WVy Wyy Zyy
All results at: http://cern.ch/go/pN;j7 Cross section measurements (inclusive and differential)
and limitis on anomalous triple gauge couplings (TGC).
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Inclusive four-lepton differential cross sections

JHEP 07 (2021) 005

axis logarithmic for m,, > 225 GeV

» Several interesting SM processes contribute to this final state

§ ATLAS ' p-val (Sherpa) -0.22 .4._ Data
. . . . 2 3TeV, 1391b™ | (Powheg)=0.09 Powheg qg—4l + X4
» Potencial new BSM effects interpreted using EFT formalism & "f° "% prafome xmihﬁ"’i.gqjq}f'tiv&
. . . SN =9g—4l+H-4l+ +
- Differential cross sections measured s i i)
© 107 S gg/?\)/)wvv

- several variables: my,, Ma4, P12, P34, COSO 12, Ay, ...
- in 4 ranges of my phase space (in GeV): .
60-100 [Z], 120-130 [H], 180-2000 [on-shell ZZ] and off-shell ZZ

ZF—— HHiggs———> On-shell ZZ
{H = Off-shell 2z

« Dominant unc.: data statistics and bkg. estimation g
5
%
- Y — ' 'an/s/ogamhm/cform4,>2256e\{ g
§ ?Ellﬁgs'rev, 139 fb" ;2;‘1 . =:g—; 4"“ 50 100 150 200 300 500 700 1000
2 10% V() VW 3 m, [GeV]
Z production , 2 ; Background : -ZZ production
¢ o1 1 Jd944p 0

-
o
Ty

Z(*) /,7*

lllllllll 111

¢~ Z=>4l branching ratio:
© (4.41+0.30)-107¢

(%) /% . .
) Z7 . compatible with SM
S 14 .
g g gg-zz production _ * most precise to date
7% . % 7% fy*
----L 2™, b 5 A Wil AL BN . 12 Q00—
H(*) ’ 8 [ * 1 €+
05_ .................................................... : | A [’+
& ot 50 100 150 2000 300 500 700 1000 2000 & \QQQQ— v(\)-<
NS

Sept. 2021 Maria Moreno Llacer - Top quark & EW physics (IMFP21, Benasque) 9



WZ (- 3l) associated production

137.2 b (13 TeV)
T T

CMS-PAS-SMP-20-014

—qq—wvv\v?,v\, —ql<— w - 06 CMS Plreliminaryl : : :
q q
0.5
Measurements: BN S
cross sections (inclusive & differential),

charge asymmetry ratio, V polarisation and N << > \j

w

anomalous triple gauge coupling (TGC) WWZ 02

0.1

- Observed, 68% CL
Observed, 95% CL
- Observed, 99% CL
+ Best Fit

| 1||| saales .| | |1|| | .‘.l | .‘.l |

CMS preiiminary 137.2 b1 (13 TeV) CMS Preliminary 137.2 b7 (13 TeV) o PowhegsPythia
L B T LA B Y N B B LI R B I B LA N A B N B o | | | | | | |
. 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
sensitive to PDFs W
eee eee L R
. e First observation of longitudinally
" w . . .
polarized W bosons in WZ production
mm POWHEG
55 (NLO QCD+LO EWK) == POWHEG+NNPDF31
uue upe - i 1
S e L0 EWK) ~— = MATRIX+NNPDF31 5 108 cr:;,'s‘i’.'::"‘,"}f, e 2 (13TeVE)
= MATRIX === MATRIX+PDF4LHC15 !
stical istical o — SM+c,,,=3 EEhZZ Vv
=Ssj:atll =::: :: G 10E sweerio ez B
. matic . matic — SM+c,,, =1 [ g9z [N t
Combined Luminosity Combined Luminosity 10° smﬁ‘w:wo -?t?( %T&r;lpt:i:znc. 3
| 1 | | | 1 | | 1 | | 1 | | | | | | I | | | | | | | | | | | |
40 50 60 1 1.2 14 16 18 2
o(pp = WZ) /pb o(pp = W'2)/ o(pp =W 2)
~N0
a(W2) Observed: o = 50.6 + 0.8 (stat) + 1.5 (syst) + 1.1 (lumi) £ 0.5 (theo) pb ~2 Yo

MATRIX NNLO QCD x NLO EWK: G = 50.7713 (scale) pb
POWHEG NLO QCD: ¢ = 42.5%1 (scale) + 0.6 (PDF) pb

o(W*2)/o(W-2Z) g :
Measured: 1.41 £ 0.04 (stat) £ 0.01 (syst) £ 0.01 (lumi) g 4 E
MATRIX NNLO QCD X NLO EWK: 1'427tggg% (Scale) ° gf 500 - 1000 1500 2000 I 2500 SSOO

POWHEG NLO QCD: 1.42*3-9¢(scale+PDF) M(WZ) [GeV]
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Other multiboson results: ZZ, WW, WW+21j, Wy & WWW

1/c do/dN,

POWHEG
Data

[fb]

do/dN

Pred. / data
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CMS 35.9 fb” (13 TeV)
- \ I \ ]
- ¢ Data —
B + ~— POWHEG+PYTHIA |
| I ¢
F | T ]
- [ ] s
|- Theo. uncertainty —
F @ Theo. prediction / measurement E
b
E | | E
0 1 >2

Number of jets

27

SEOSBONBICIN

ATLAS /s=13TeV, 36.1 fb"

e Data
Total uncertainty
SN Systematic uncertainty
—— SHERPA ]

__. POWHEG + PYTHIA
(SHERPA gg & ZZjj)

>4

Jet multiplicity

PRD 102 (2020) 092001

PRD 97 (2018) 032005

WW+ 21 jet
RN BRI

ATLAS

{s=13TeV, 139 fb”

pp — VIV

Data

258 + 4 (stat) * 25 (syst) b

MATRIX 2.0 nNNLO
279 + 2 (PDF) + 18 (scale) fb

MATRIX 2.0 nNNLO ® NLO EW
278 £ 2 (PDF) + 18 (scale) fb

Sherpa 2.2.2 (0-1j@NLO, 2-3j@LO)*

Wy

137 b (13 TeV)

277 + 3 (PDF) * 44 (scale) fb

)
MG5_aMC + Pythia8 FxFx (0-1j@NLO)*
263 + 3 (PDF) £ 16 (scale) fb

Powheg MINLO + Pythia8 (0-1j@NLO)*
254 + 3 (PDF) + 21 (scale) fb

* + Sherpa & OpenLoops gg—»>WW

|
100 150 200 250

Integrated fiducial cross-section [fb]

pl. (GeV)

WWW
u(WWW)~1.66+0.28
Limited by data stats.
Significance: 8c

Events

N o WE(Fv)y
— Data > —e— Data I Wiv)y
. Stat. Unc. 8 g’TSn [} :Elan—prompb’mlsid. 75 gayn(z;a)n‘n::r;\;snd 1
~ vl ingle-t +
I:I Tot. Unc. 2 1 05 © ary % 3\}/7(!)7 % :Lagl;.+s,lysz Uncertainty
"¢ Predictions GC)
>
Q| w1 CMS-PAS-SMP-20-005
o
—~~
-—
AN
o
QY
?s/
©
o
% | g
T |5
- ©
N 200 400 600 800 1000 1200 1400
300
ATLAS Preliminary ¢ Data COWWW/(u=1.66)
10°F {s= 13 TeV, 139 fo! E@WZ &3 Non-prompt
Post-Fit = z)conv. [ Charge-flip
@m Other v Uncertainty
---- Pre-Fit Bkgd.

10*

10°F

- Observation of WWW!

Data / Pred.

_ =
o

o o

©© L
T T

%M/ﬁ%//&%//)&//k/y‘wﬁ PRSP PEE PP PP //-/4/.//-/4;

ATLAS-CONF-2021-039

SRew. SRe,, SRy, SRy CR WZOJ,OH Wz,jo’? Wy,
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Vector boson fusion (VBF) & vector boson scattering (VBS

ne 2021 . .
. . "J”. e‘ 9 : VBF, VBS, and Triboson Cross Section Measurements status: July 2021
-8_ :- # 7 TeV CMS measurement (L <5.0 fb™) Yy T "V
—_ 105 TLmi # 8 TeV CMS measurement (L < 19.6fb“2 Zyy—-tlyy
b S D e R # 13 TeV CMS measurement (L <137 fb™') —[Nee =0
L jé‘t(.s)i A . I ~ Theory prediction Wyy—tvyy
- THE e o % 4 Z CMS 95%CL limits at 7, 8 and 13 TeV — [Njer =
c 10°E bnjis © 0 0 ] i WWySevury
O = T in s w o | e W (o) ATLAS Preliminary
bl . . . . . H ' : . . . . . . . -5
S10°F it i |  WWWobirty VE=7813 TV
w»n ffiii‘i;ii?iii?ii? and WWZ, (tot.)
» 10°kE = = 1 vector boson Hijj VBF
= . H o ™y ’ . . . . . ’ H 1
e T RenEEERERRRNE - HWW)j VBF
- . o . - . . . . . . H . . . . : . .
O 10F ' | | [Fvipleboson]|= | -nomuver : T e
C N e [ e e e e oD L L . I LHC pp 5 =13 TeV
. Wjj EWK M(jj) > 1 Te
2 1 | Single and e i e a0 e mm
G f | diboson 4 i _Ma>s006s o o
B monmmunam Zjj EWK LHC pp V5 =8 TeV
T10'F
) : Zyii EWK a sD%a t
= stat ® sys
0-10_2E yy - WW LHC pp Vs=7 TeV
E: . (WVTFZV)j EWR ] E}g&a t
R WiWji EWK stat® sys
102 k= cMs Preliminary y
e | waziewk
10_4 B B T T T e ZZjj EWK
T 11 1 T 1 1.1 1.1 Tew by " e
W Z Wy 2y WWWZ' 22 v oz zz 222 W i 2 E:xv;.r’zwwwt%?rwﬁ?!v;'ﬁ% 00 05 10 15 20 25 30 35 40
All results at: http:/cern.ch/go/pNj7 Gl dena data/theory
. . N\
Although they are very rare processes, all EW VVjj observed (~10% XS precision). S
SSRGS
Even first differential measurements available. & Q©

Here, focus on recent results: polarised VBS ssWW, yy=>WW, WV semilep and EW Zyjj. ‘0666\0@

Mostly exploring fully-leptonic VBS. No fully-hadronic (all jets) VBS/F measured so far.
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VBS: very rare but interesting processes

V boson fusion V boson scattering i
= - + + o+ -

(Vi) : (W)

—LV weak-boson self-couplings Higgs contributions
Aew= 3 Y n M
- 4 i Denner, Hahn, Nucl.Phys.B525:27-50,1998
~qg 10" T T T T
i - —
ph 107 = - T~ .
B S el el -
10% -~ . 1 M
VBS are rare (but key) processes I | A/Lh?i}irv E? o
» *The* crucial test of EW symmetry breaking b L —] b l
. - _ - 2
« Test V boson self int., TGC and QGC e
- Large QCD background L .
« Typically look for 2 well-separated jets & e >

gauge bosons produced in the central part
» W/Z: use semi/leptonic decay modes

« Photon: cleaner final states Experimental challenges:
» Missing neutrinos in W leptonic final states
ENDCAP  BARREL ENDCAP « Jet systematic uncertainties in forward region
q‘ » Large QCD bkgs: matrix-element techniques or ML

A -(;392)64; \4;1_)34; Physics modelling:

‘ 0) W—g « EW signals: large TH & EXP. efforts to cross-validate MC

n \" generators; parton-shower schemes very important
> * VVjj QCD (ag? agp?): very expensive computations at NLO
VBS BVENT TOPOLOGY and/or matched+merged; need careful validation in data CRs
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u*rutjj Candidate Event
mji=2800 GeV | Ayi|=6.3

A EXPERIMENT

Run Number: 207490, Event Number: 33152138
Date: 2012-07-26 04:16:35 UTC
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“Golden channel”
Measurements:

1) XS (~10% precision) + EFT limits
2) Differential cross sections (vs. m;, m; and Prjead.iep.)

3) Polarisation states (LL, LT or TT: 10, 30 or 60%)
- very low expected WLWL yields - very challenging

q

q

q

q/

High sensitivity of
angular variables to
polarisation comp.

measure (WLWL, WXWT) or (WLWX, WTWT) processes

reference-frame dependent: WW or parton-parton C.M.
dedicated MC simulation (MG5_aMC@NLO)
use two MVAs:

inclusive MVA: VBS vs. non-VBS

specific signal: separates polarisation states within VBS

fit: 2D MVAs in SRs and m;;in CRs
- measurements are statistically dominated
(520 data events, from which 16 are WLWL)

Not yet an evidence for a single-boson polarisation state
Observed (expected) significance for WLWL+WLWT: 2.3c (3.10)
Obs. (exp.) significance for WLWL.: 0.88c (1.175)> XS<1.17 (0.88) fb

Data/SM

VBS W*W *>2I*2v: longitudinally-polarised ?

PLB 812 (2020) 136018

CMS simulation (13 TeV)
T T 17T | L | UL ‘ IIIIIIII | T 1 1 7T | ]
- — EWWW, E
. — EWW;W, ]
— EW WiW: 1
3 o 4
o —+ ]
- —+ 1
0.1+ =|=:I;
- —
0.08 _a:=|=_|:=|=='=¢£l=='==|= S
0.06F —+— -
0 04:_ —|—+ —
R WW frame |
0.02 -
0:....|....|..,,J....|....|....|
0 0.5 1 1.5 2 2.5 3
A
<|>"
m;>500 GeV, |[An;|>2.5 _1
I ) 137 o' (13 TeV)

=  Fecms | MOtherbkg. ¢ Data -
~ - —W W N\ Bkg. unc.
10* E L i

*g E W, W W, wy — W, W, ww*

) B —W.W mwz

> T°T 77

W 103 -
& [ Nonprompt 3
\\\\\\\\\\\\ RN -th

05 1

- 05 0
BDT score
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Observation of photon-induced WW production

> > > — PLB 816 (2021) 136190
p vyl P . P v P .
o W 2, W
| o
y@ —w AN
p p '
TGC QGC

At LO, it only involves self-couplings
of EW gauge bosons. No forward jets.
Very clean, but very rare...

T I I

vix —

*2 1200 — —IO— Data A'll'LAS i
£ 1200 .
i 10003 =5 T {s=13TeV, 139 b ]
C mm qgeww p > 30 GeV R
| ?)Ct‘herqq initiated T &Ir&ﬁé ]fo
800_— I Non-prompt
— [ Drell-Yan . .
Sopl T skl - e/u final state & NO additional charged
- - particles in the vicinity of the selected ¢e _ Ze; Sin’Be, + e, sin’ Oy,

400

200

Data / Pred.
o o — —
O I B I N

Number of reconstructed tracks, Nk

interaction vertex (Az=+1 mm) sin® 6, + sin® 6y,

- main challenge: determine production process in busy
LHC environment (modelling of additional pp interactions)

o(yy—WW) = 3.13 * 0.31(stat) £ 0.28(sys) fb
Observation: 8.4c

~300 data events in SR (~130 from bkg).
Normalisations of gqg>WW and Drell-Yan bkg. free-floated.
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Semileptonic WV VBS

. MS-PAS-SMP-20-01
- signal: Wig, and Vygg (W, 2) CMS-PAS-SMP-20-013

- both resolved and boosted regimes of the V|4 considered
- good balance between:

larger XS than fully leptonic decay channel Resolved category
smaller bkg. than fully hadronic decay channel Vi VBS jots = 880 Gev
- main bkgs: W+jets and top quarks - "
- objects/variables are exploited (and also MVAs): .j ~= - =% Ligram = 7,_
boosted or resolved: large-R jet (AK8) aE_ = 1 R
vs. W+jets bkg: V, ;4 mass on- or off-shell A SEane ey ;z.:_
vs. top bkg.: b-jets ' _;'. ;"; s = L"__&K

CMS event: Run 317640 event 954295051

CMS Preliminary L =137/fb (13 TeV)
= ol wow  mmo 1 Three main results:
o E [ VBF-V, Vy, VBS-ZIIVj Non-prompt E .
g - e Wadets - DEWWVE oy = 0% /oM = 0851024 [=1021 (syst.) 1012(stat.)]
S 1 0615— [ vBS-Winuvijj g
- 1 First evidence of VBS in semilep. ch. @ LHC: 4.4c (exp.: 5.10)
10° E 137 o (13 TeV)
] % T
10* _;I 2) EW+QCD WV: E of 2 param fit . ggoﬁguxgemgg
18 “lmxa 3
= . _ +020 140.19 +0.07 ref T N TTE
103 g_ \\\\\\\\ m ,uEW-l-QCD — 0.98_017 —0.16 (Syst.) _007(Stat.) ] 1_4;_ ///"'"N\."\b\f =
- 12Fi  Fy RN =
L L o o ——— . . 1— :‘-{ !@/ \\ \\ =
g 12y 7 3) Simultaneous 2D fit: EW and QCD WV oof X\ w0 Y
g [ T - 4 3 N T SN \\ ____ A B
S o8 0 0.2 04 06 08 t 0'2? | \ | \ | | | E
DNN boosted 0 IOI‘I‘0.5HH1"H1.5HH2HH2.5HH3‘
1 QCD
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Observation of Zyjj EW production

" : ’ “— - very recent results!! ATLAS-CONF-2021-038
’ ' - sensitivity to pure neutral aQGC and NP arXiv: 2106.11082
TGC QGC arXiv: 2109.00925
. z Z->vv: reached 5c
‘ ‘ ! ! Z~21l: >10c

Cross sections in agreement with SM, 86z, <15%

g S0 CMS 137 tb™ (13 TeV)
= 00f ATLAS Preiiminary E Ef};’f‘zyjj c , | | | | 3 .
R T _— ey e ¢ Data Nonprompty Z VY Data event with
I +jets S 3
. o - 2 MEWZy WsTTTYI WV ] m;~4 TeV seen!
" :>_|J - —F/A*=0.47 Tev* . \
300 —F /A" =0.91TeV E I% o ATII. AS T Poslt-fit '
200 > {s=13TeV, 139 fo" \\g ~-Data
00 T 1a0f EWZ(>w)ri N\ \\\gxiaymw
) 0 L Lﬁ I Strong Z+y
L EW Wty
c:.\“ NS \\ I Strong W+y
£ oo D W tyVyy
° 0.8 I y+jet
500 1000 1500 2000 2500m-- [GeSVO]OO N\ \ \ Weoy
! 0.15-0.4 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-e =?e:—)y
s ECMS 137 b7 (13 Tev) m,, [TeV] e
® - ¢ Data (stat. @ syst.) € y o
g 10 e -~ EwzyMaderaph 4 EW and EW+QCD Zyjj 5
=2l [ systunc. 1 unfolded differential m, [TeV]
g E . l6<|An | <653 Fake-eCR W],CR W} ,CR Z[ .., CR SR-m,
T . L : 471 XS also measured.
5 10° i =
N e E
R (25 < <45 | |45< < l : ; i i
o il B B sl = Interpretation aQGC using Interpretation H->inv or
s c B . T .
T o2, o« ; I 4 Mgz, no obvious deviation dark photon signals.
S of . S — — from SM is observed. No significant excess.
8.0 o787 S-20 Y59 87 -2, -5, . .
0§ 12792 T087T122 2 Upper limits in BR or XS.
m; [TeV]
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- most massive elementary particle —

- ‘bare’ quark: decays before hadronisation b

- window into quark properties t=>3Wh ~100%
- plays an important role in Higgs physics
- interacts with all forces

Main production modes:
- Top and antitop pairs (strong interaction, 800 pb): gg or qq initiated
- Single top/antitop quarks (EW interaction, 10-200 pb): t-ch, Wt, s-ch.

Associated production (< 1 pb): tt+X or t+X
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Top quark mass: a very important parameter of the SM

) a,R,R(10) L LML L L L L 1 -
..... ME S N DG 2020 - Qlobal EW flt.S
500| =~~~ mg:(w) . (Fig.10.4) 7 - important consistency test of the SM
300 direct M, i | - good agreement between measured and indirect
o o ST xeep e B, i predictions (p-value: 0.48, before FNAL g-2)
s
é 100_ ISO T LI I | T L T T LI | T | L e T
= | ' 107 10" 15
ol | Instability .0 ;_;__:,--r-;'t:.;. 107, &
-\ 178 £ —_— - S
30} 10“'— o
' SM* phése dlagram in terms 19
20 1077 &
g 176 ¢ “of nggs and top pole masses 103 B
A T A TN TP P S o= B B~ . o u)‘I
10" %0 165 170 175 180 = - et LT, -
® L X \ Lol .w'f.’»
m, [GeV] 2 1741 [// \ \ - ,"’--:¢'i?-t;91f-—
| | A . b e PRy i
Recent measurements: - ,pk I |
Smy~ 0.11%, Smy~ 0.3% 2 L _
g 172 - -
= 4
Higgs
potential e ’ 7
170 | ,:' as(Mz) = 0.11840.0007
ity Stability -
168 & PSSR S B PN T T S S N T SR T [ S S

1?0 122 124 126 128 130 132

Higgs pole mass M}, in GeV
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Top quark mass: two types of measurements

. My My POLE o WS EPJC 74 (2014) 3109
— My — My O, My EPJC 76 (2016) 642
t —_— _'I"'I"'I"‘I"‘I'_‘"""""_
P e B 0N aTAs IS
g \ CT10 NNLO )
= AN e CT10 NNLO uncertainty 1
i i ' | Using cross sections or § a0l P23 LD ey
Using decay products (kinematic g | SR IS o errren e
truction) © “direct” method W unfolded dist. sensitive to & .,/ S
reconstruc |on) Irect” metno t . G 250 . -
- the mass parameter in the ~ ]
ATLAS+CMS Preliminary My, SUMMary, ¥s =7-13 TeV  April 2021 q . 200 77ev S
LHCIopWG ” model > “indirect” method e e
[ S, ]
------- World comb. (Mar 2014) [2] X W 150 N&
0 stat [ —_—
total uncertainty  + total (stat + syst) s Ref. 164 1é6 1é8 17|0 17|2 17|4 17|6 17|8p°|e1£:}0 182
LHC comb. (Sep 2013) LHCtopwG 173.29 + 0.95 (0.35 +0.88) 7TeV [1] [GeV]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, I+jets 17233+ 1,27 (0.75+ 1.02) . t\l_'ll'cl_toApS+CMS Preliminary Mo, from cross-section measurements
ATLAS, dilepton 173.79 + 1.41 (0.54 + 1.30) 7TeV (3] Sep 2019
ATLAS, all jets 1751+1.8(1.4+£1.2) 7 TeV [4] ﬁ—o—-—0—| My, T tot (stat * syst + theo) Ref.
ATLAS, single top 172.2+2.1 (0.7 2.0) 8TeV [5) total stat
ATLAS, dilepton 172.99 £ 0.85 (0.41£ 0.74) 8TeV [6] o(tt) inclusive, NNLO+NNLL
ATLAS, aII jets 173.72 +1.15 (0.55 + 1.01) 8TeV [7] ATLAS, 7+8 Tev 172.9 :+-2265 1]
ATLAS, I+jets 172.08 + 0.91 (0.39 £+ 0.82) 8 TeV [8] s
ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25 +0.41) 748 TeV [8] CMS, 7+8 TeV 173.8 53 2
=¥ ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9) +1 9 + +1 2
CMS, I+jets 173.49 £ 1.06 (0.43 + 0.97) 7 TeV [10] CMS, 13 TeV - 169.9 +20 (0.1£1.5 55) [3]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11] ATLAS, 13 TeV 173.1 53 4]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7TeV [12) NPT §
OMS, l+jets 17235+ 0.51 (0.16 + 0.43) it o(tt+1j) differential, NLO g
CMS, dilepton 172,82 1.23 (0.19 + 1.22) 8TeV [13] ATLAS, 7 TeV 1737 22 (15+1.4 39 5]
gmg all jelts :;zgit ?Zz 855 + ggg; 8 TeV [13] CMS, 8 TeV 169.9 * 75 (1.1 125 43, s) -
, single top .95+ 1.22 (0.77 £ 0. 8 TeV [14] 12 0.7
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 +0.47) 748TeV [13] ATLAS, 8 TeV 1711 %5 (0.4 £0.9 %3) (7]
gmg ::‘ets 17§-§§ * gb‘i (2-02 * g-zs) 13TeV. [15] o(tt) n-differential, NLO
, dilepton 172.33+0.70 (0.14 £+ 0.69) 13 TeV [16] _ + + +
CMS, all jets 172.34 +0.73 (0.20 + 0.70) 13 TeV [17] ATLAS, n=1, 8 TeV 1732+16(09+0.8+1.2) g
=% CMS, single top (*) 172.1340.77 (0.32 £ 0. 70) 13 TeV [18] CMS, n=3, 13 TeV [ 170.9 £ 0.8 [9]
[1] ATLAS. CO‘IV 2013-102 8 [13] PRD 93 (2016) 072004
& i o Sl g ddlnillins from top quark decay [1]EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9] arXiv:1904.05237 (2019)
Preliminary ot fThop s
M wams  cnmnm (e @m0 CMS, 7+8 TeV comb. [10] e e e s ooty o)
Coo o | ‘w;m\ i a | Mmg' ) L IIEJ wf m;m ’Blm ATLAS, 7+8 TeV comb. [11] [4] ATLAS-CONF-2019-041 [8] EPJC 77 (2017) 804
11 1 1 I L1 1 | I 11 1 | I 11 1 | 11 | [ 1 1 | 11 1 I 11 |
165 170 175 180 185 155 160 165 170 175 180 185 190
My [GeV] My, [GeV]
Recent measurements — émy~ 0.3% Recent measurements — émy~ 0.5%
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MC/pole mass calibration

T I T T T T | T T T T ‘ T T T T I T T T
0.1— ATLAS Simulation Preliminary -
| pp — tt, XCone R=1.0 jets i
 Soft-drop (z.,=0.01, p=2)

0.08— |
- 750 GeV < p. <1000 GeV .

e Differences btw. mM© and m;"°'E expected of ~0.5 GeV,
due to non-perturbative QCD effects that affect m; determination

= Powheg + Pythia8
0.06

----- NLL prediction, MSR mass |

— NLL prediction, polemass

e Interpretation (calibration) of m;VI¢ obtained by comparing MC dist. 0_04:_ [0 Thecry .

Normalized events / 500 MeV

with calculations within well-defined theo. framework (m;P°LE, mMSR)
- setting the scale to 1 GeV: m{MSR(1 GeV)= m;"OLE 0.02
- analytical calculation with non-pert. QCD effects at particle-level

1 I 1 11 1 1 Il 11 l L | — 1 I 1 Il 11
165 170 175 180 185 190

e Hadronically decaying top quarks fully reconstructed as lightly Large-R jet mass [GeV]
groomed large-R jets in boosted kinematic regime (jet p>750 GeV) ]
- large-R jet with R=1 using XCone algorithm - ATLAS simulation Preliminary
| NLL prediction pp— tf, PRD 100(2019)7,074021
i R=1.0 Soft-drop jets (z,,=0.01, p=2) b
L 750 GeV < p, <2000 GeV, m"S%(1 GeV) = 172.42 GeV _
m,”oi,c = My, MSR(1 GeV) + AmMSR = mt’;‘;le + AmPole b oo ;
- hard scale A
mMC MSR +350 pole +300 - - N
my' < = myPR (1 GeV) + 807570 MeV = mP° +35073% Mev s g
I lobal soft scale -+ I
mMSR(R =1GeV) = 172.42 + 0.10 GeV, P *
top soft scale -
i ttjet scale - i
e Uncertainties dominated by theoretical ones (uncalculated higher L ]

orders in NLL calculation, fit methodology and UE modelling). 171:5 172 mMSR1(17 Zézv) (GeV]
t

ATL-PHYS-PUB-2021-034
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Top quark production cross sections

Mayoo2r CMS Prellmlnary

'8_ 3 i f 7 TeV CMS measurement (L <5.0 fo™) D
— 10 3 '!' § 8 TeV CMS measurement (L < 19.6 fo') _§
© C : ; : : : . : § 13 TeV CMS measurement (L < 137 fb™) -
R : Sl L ol . —— Theory prediction L
C 2L =njet(s)’ : : : : : : L Y 4 . CMS 95%CL limits at 7, 8 and 13 TeV L
O 107 _l_ ﬁ(-sl)l : [«™ @ = LS
— - ! : : : : : ; : : D
N : : : : : ; : A S
T e -
D 1of | 1 -
(7)) - : : : : : D — : -
Q f T R .
- i : : : : : : : : .
o . b Eowd g T
S | Doepasirs | | -]- ja L LB
) . . . . . . X . . . i . . . B——
U S T O S LI R N e
3 - Single top A A
= i - A y
B-102 3 S B B B * 5 3
E Associated production | | i
10—3 E_ . : : _§

tt "1 " 2) Vg "4 Toc Voo Tt o Ttw Tt Tty "tzg' iz ' oty "ww "ttt ' ttH ' tH

All results at: http://cern.ch/go/pN;j7

Increasing number of differential measurements, reaching very high precision, also EFT interpretations
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Top quark couplings

Top quark couples to other SM fields through

its gauge and Yukawa interactions.
W helicity and several

single top quark measurements

| single top |
- topdecay

Differential cross-sections, W
spin correlations, 2 .
charge asymmetry, etc. [E{# 182 A Top Yukawa coupling

teg 9 top H wH

tt+y, § tt+Z,
t+y t+2Z Top weak isospin

Top electric charge

top i X LI Hhow to measure it?
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Top quark couplings

Flavour changing charged current ... and neutral current
ES Wtb

Flavour conserving neutral current "' tZq

T N
» tZt :’ » 1Yq
. 1
S B ("t g 1*—-{
> tyt Ly 3

» tHt E..’—/ > tHq
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Top coupling to W bosons (Witb vertex)

Flavour changing charged current ... and neutral current

LB ¢
= " : n/v\/ ;. .
p T t
" w i
i_

5
Flavour conserving neutral current * tZq

. t & x ¢
> et ,%'7.,< oy ‘~—{ L_-,_{:
+ & ¥ . ¥
> tZt :,
i
Z . J'_y—/&. L
> tyt i g= ’z

t

> tHt > tha .
H = ! ,.-"'
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Top coupling to W bosons: single top production

The Wib vertex has a V-A structure, described by £ = —il_ry“VLPLtW; + h.c.

V2

single top quark production cross sections

Combinations of ATLAS and CMS
results using full Run 1 published

~ ATLAS+CMS Preliminary t-channel 5
LHCtOpWG B ATLAS PRD90(2014)112006, EPJC 77 (2017)531, JHEP 04(2017) 086

® CMS JHEP12(2012)035, JHEP 06(2014) 090, PLB80O (2019) 135042

Single top-quark production ¢ ATLAS+CMS uieros(z019)088
November 2020 tw

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

% t-channel ¢ ATLAS+CMS JHeros(2019)088
-m i i s-channel

B ATLAS PLB756(2016)228
® CMS JHEP09(2016)027
¢ ATLAS+CMS uHEePos(2019)088

L - - - NNLO PLB 736(2014) 58 1
tw scale uncertainty
- ﬂ - == NLO+NNLL PRD83 (2011)091503, N

= - PRD 82 (2010) 054018, PRD 81(2010) 054028
¢ tW: tf contribution removed
T scale ® PDF @ o, uncertainty

|

—
(@)
N
T
Ll

T
|

Inclusive cross-section [pb]

[e101 ‘leis

1 0 [
—— NLO NPPS205(2010) 10, CPC191(2015) 74
® M= H= Migps
S_chan nel CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for tf removal=60GeV and u _=65 GeV
- scale uncertainty

IIIIII

scale @ PDF @ o, uncertainty

13
Vs [TeV]

JHEP05(2019)088

_ (7TeV) 8.4%
(8 TeV) 6.7%

. (7TeV) 25%
(8 TeV) 16%

— (8TeV) 30%

Exp. unc. larger than
theory prediction unc. (4-8%)

s-ch. challenging, still not
observed at LHC (only evidence)
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Top coupling to W bosons: V,;, measurement

93

The Wib vertex has a V-A structure, described by £ = — \/ﬁbfy“VLPLtWM_ + h.c.

From single top quark production cross sections,
V| can be extracted: O meas.
VL] = [fivVis| = —

Otheo.

ATLAS+CMS JHEP05(2019)088
LHCtOpWG

Combinations of ATLAS and CMS
results using full Run 1 published

Direct measurement

O . .
fLVil = \| 5= from single-top-quark production

theo.

6., : NLO (t- and s-channel), NLO+NNLL (W) i ~ Assumptions:

' ota €0. . .
8, : SCale ® PDF ® o, @ my @ Epeyy Wtb has a SM-like left-handed weak coupling
m, = 172.5 GeV If. \V,.| + (meas.) + (theo.)

LV "tbl — = -
_ [Vipl >> [Vidl, [Vl
ATLAS+CMS LHGopWa e 1.02 £0.04 £0.02 | 5 g9,

t-ch LVs=7,8TeV
channel, Vs © - Independent of number of quark

: generations or unitarity of CKM matrix

ATLAS+CMS LHCtopWG —_—— i

WS 27 8TeV 1.02 £0.09 £0.04 | 8.4%

ATLAS+CMS LHCIopWG | o
s-channel, {s = 8 TeV :

0.97 +0.15 +0.02 | 15.0%

ATLAS+CMS LHCtopWG

0 1 1 .
tchanrel WV s.chanel {5 = 7. 8 TeV 1.02 +0.04 +0.02 | 37%  Dominant systematics:

theory modelling and normalisation

| 1 1 1 | 1 1 1 i 1 1 1 | 1 1 1 ]

0.6 0.8 1 12 14
|fLVvtb|
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Top coupling to W bosons: top polarisation

. L o ATLAS-CONF-2021-027
High polarisation expected from V-A structure of CC in single top.

Spin information transferred to the top quark decays. ! !
1st measurement of full polarization vector via angular dist. T N5
of leptons for both top and antitop quarks. o
3D space divided into 8 octants -2 fit rates in each of them b t e ,
Al — - , - ,
é E,lmAslprelimlinaryIooatla " Etchannel P, 1.5 < _pq/lpql
W25000— Vs =13 TeV, 139 fo" [T, tW, s-ch [W+jets  — [ ATLAS Preliminary ] N N A ¢”
[ Signal Region [Z+jets, vV Mothers [ {s=13 TeV, 139 fb" ] y = (Z X pq)/lz X pql
[ top quark [l Multijet 77 Uncertainty | 1 —
20000~ Post-Fit - E ] » Top-quark rest frame z
15000; 0.5 E
L r top quark
10000 o * ¥
L top antiquark
5000 _05L -
3 0 E +best Fit
£ 1.02 / —1 W 68% CL stat. only .
o L 68% CL stat.+syst. z T | ]
% ose / ////// //// / VA i *P°Wlheg'3°x+'%t“i38 L © | ATLASPreliminary * 207 AU |
091 2 s 4 5 6 7 857 05 0 05 1 15 05 's=13TeV, 139 fb" ool
Q, P, ' [ * SM prediction ]
CP 30012018 (x002: Fy=0 > CPis conserved. o — -
. P ~002:020 (003 Mainly dominated by JER. Z
E P;, ~0.029 +0.027 (= 0.011)5 o5l i
P ~0.007 +0.051  (£0.017)s N
' pt 40914010  (+0.02) Unfolded angular distributions at - ]
' oph L079£0.16  (£0.03)" particle level used to test SMEFT.  —7~ %050 05 1 15 2
2 1 Cow
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Top coupling to gluons

Flavour changing charged current ... and neutral current
ES Wtb

Flavour conserving neutral current "' tZq

g 5 L"{
RY: ¥ N : d
> tZt :’ tyq
. i
2 - *-,_/'Er 3
> tyt s p. ;:

» tHt E..’—/ > tHq
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Top coupling to gluons: cross sections

— =3 T T T T T T T T T T T T T T T T T T T T T T L ATLAS_CONF_2021_031
= L oo ATLAS+CMS Preliminary May 2021 s T T 3
8 B : g_lMLSAgoglb;n_?_g\e/ap(LLlﬂitgfg ())2TeV(L 27.4-304 pb™) LHCfop WG B 8 - ATLAS Preliminary ;Data B .
— | e CMSeu7TeV(L= 51b) | B 10_1 L r 13 TeV 139fb1 PWG+PY8 PWG+PY8 (nnlo rw.) —
8 m ATLASeu8TeV (L=2021fb ) = S — PWGHHT <<= PWGHHT (nnio rw.) E
s 103 Y (L;}[\IAC? g:ni;i\é faL 81‘I?eZ/f(tIJ_) 5,3-20.3 o) LHCtopWG B - Boosted — MCalNLO*PYS  --- MCatNLO+PYS (anlorw.)
0 = : ATLASeu13Te$ (L= 361fb) L i = g+ ~ Fiducial phase-space Sies -
8 C v gmg eue1/3 -!I-g\{r(ek/ (35 %ébg)fb ] _s. 10—2 = Stat. unc. tat.+Syst. unc. _§
o T & ATLAS lvjets 13 TeV (L - 139 sz) F 7] ~ - t 3
b | & S e 13 MoV {15 900} 14 < sl P spectrum too hard ]
T : - 2 for NLO evt generators =
c_g - 8008 13 . but improves with _;
= B - — 700;— 1 g NNLO calculation 3
B Z——— NNLO+NNLL (pp) N - B n
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[Tev] | 107 =
= NNPDF3.0,m, = 172.5 GeV, o (M,) = 0.118 + 0.001 3 135- } } } =
C/l TR A T R T l PR AN S N TR NN T SO T N S S W c DT T — —
2 4 6 8 10 12 14 gl :
Vs [TeV] 2°
Inclusive cross sections
- reaching 2.4% exp. precision | | | | |
- boosted: XS overestimated by several predictions NLO+PS; ATLAS Proiminary 55 St vy ne
Fiducial phase-space Data
fiducial XS agrees significantly better after reweighting to
NNLO(QCD)+NLO(EW) at parton level
= - —O— PWG+PY8 (NNLO rw.)
Differential measurements:
. . . . . — PWG+H7
- increasing number of variables (16) in all ch. (all had, dilepton, i e on,
single lepton; resolved, boosted); also 3D e
- measure both ft and radiation | I
- test SM at high pttop, where deviations expected from BSM | | | .

- agreement with SM: NLO MC reweighted to NNLO " nclusive fiducial cross-sestion [pb]
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Top coupling to gluons: asymmetries and angular dist.

Eviden f charge asymmetry (4
Spin correlations vidence of charge asymmetry (40)

o 0.07¢ T T I I =
> < 0.0 NNLOQCD + NLOEW  ATLAS Preliminary? ©
S vwo Fiducial —— 005 Il PovregPytias  Vs=13Tev, 130167 1 | Q
g, 13 —_— 0_042— ¢ Data (stat./total) —i 5
< 0:8: ______________ LHC 13 TeV m, = 172.5 GeV 0.03E 4
' 0.6 . e S ! Scale: Hr/4 PDF: NNPDF31nnlo E = LL
1.10 ' ’ - i 0.025— l _E %
— 1.05 001 :_ [ ] O
& E _’ i 3 1
S 1.00 A S e e T —— .
= = 1 <
i o _'_—ﬁ ~0.01F- = 3
. . . . | _0.02E A;=(0.60£0.15)% E =
O 1.2 o . <C
2 1'0 e DT -0 03E l | | | E
S T T —— ) <500  [500,750] [750,1000] [1000,1500] > 1500
0.8 . . . |
- 0.0 0.2 0.4 , 0.6 0.8 1.0 m; [GeV]
AG(L,0) /7
O — CP violating effects?
3 1;1 0 o | ATLAS Inclusive Fm————— 11 lep, >4 jets (2 b jets) 137ib™ (13 TeV)
= 1o W 9 C ! ' : ]
< - - e LHC 13 TeV m, = 172.5 GeV % 0gf- CMS A Hopimesiers v Mermwies 308
i 0.8 FE=mmmm s Scale: Hr/4 PDF: NNPDF31nnlo @ E Pri eliminary ® Al inlepton+jets (8 TeV) A'cp in lepton+jets E o
o 06 " " e 06 —] OI
o 1.050 } + £ E 1 &
= 1.025 | $ } o 04 =R
g 1000 ——;—;ﬁ < oeb } 4.0
E s N
— e e
-0.2F ! { { } } - &
C 1
0.0 0.2 0.4 06 0.8 1.0 C .
AG(0, D)/ 08 Measured A for 4 T-odd: 10-3 precision
08 No evidence of CP violation E
Theory paper PRL 123, 082001 (2019) \ E . 1 1 ]
based on ATLAS-CONF-2018-02 % O Ore Ou
~
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Production of four top quarks at once

hhhh (31.1 %)

One of the most spectacular mechanisms
o quite energetic Vs = 4my,, ~ 700 GeV

| o very challenging: 12 final state objects
’0000000 ——<+— ¢ e C sensitive to new physics '
D000000 —>—1¢ |||h((4.'9%)) @ - e
)\ IIhh SS (7.2 %) S EATLAS ¢ Data ]
. £ llhh OS (14.3 %) i joslfs=13Tev, 139" [ signal (u=1.0) N
“““ < = 1L/2LOS+2LSS/3L Bl signal (n_=2.0) 3
4 ‘ E ' ' - Post-Fit fit 1
xploit events with 211 : [J Background e
BOO0000 L ——— Lo =S 7/, Bkg. Unc. ==
- 1 <
%200_'1' 1 L DL UL oL 19
- ATLAS -+ Dat I it . . - = X
‘§ 180" {s =13 TeV, 139 fb” []ﬁ\?va mtz E For most sensitive ch., 10 = 3 :
~ - CRtwW WtH []Q mis-id 1 . . . - 1 =
= 190F postFit B Mat. Conv. -HFei | ] ttW'HetS is the main bkg 102 - >£
Bloum L : %
- ers B - ]
120€ ~~Uncertainty - NF=1.6 + 0.3 10;_
100 - Good post-fit . S I S B S 7 ik e
= . 2 4 signal (u=1.0) + Bkg. =
: modelling n('\; 2_— — signal (u_=2.0) + Bkg. _T——
E 8 1 : , , R ittt ,
7 2.5 -2 -1.5 —1 -0.5 0 0.5
] Iogm(S/B)
i 1L2LOS/SSML __ 4 5 — 7
B o = 24+ (stat.) ) (syst.) = 24 +/fb (ATLAS: -2,
£ 125
o —ﬁ/— C g CMS: u~1
I _{j"’W/ B = Significance: 4.7c (expected: 2.6c) w=1)
o’ E
STH0 w0 20, 2502p [Geg?o - Very close to observation of 4-tops production
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Top coupling to y/Z/H bosons

Flavour changing charged current ... and neutral current
> Witb r tgq

Flavour conservmg neutral current " th
> tgt 3 B :E ,._g
MY 4
» tZt . » tyo
{; Na ‘
. ¢ Q»O 3
1

kM

t—s—/ Y\O

=yt 3 S
3 ! O O&(\ 6\68 L
\Q ’\ o \C’{é\
> tHt \(\\@(‘\ (@(\Q o0 < tHg
S <& %
A\ o
K 0‘\\\8\ C\’(\Q @'(\6 t
¢ \'Z}
oY &b’ o
N @ H
\00 e(\
Q
ot
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ttV production cross sections: summary

ﬁ_l'l(;l&;"-(\)a-léCMS Preliminary Vs = 13 TeV, May 2021 *Preliminary
Gy = 0-59' 0 c(scale) £ 0.01(PDF) pb & o, =0.86" oo (scale) £ 0.02(PDF) pb i o, . x20=0.038" g0 (tot)pbx 20 i o, =0.77+0.14(tot.) pb
Eur. Phys. J. C 80 (2020) 428 :  Eur. Phys. J. C 80 (2020) 428 : JHEP 10 (2018) 158 = Madgraph5 + aMC@NLO
NLO(QCD+EW)+NNLL :  NLO(QCD+EW)+NNLL : NLOQCD : NLOQCD
Omeas. T (Stat.)+ (syst.) e T :
0.87+0.13+ 0.14 pb . —_ . _— ATLAS, L _=36.11fb"
ttwW Ac~22% Phys. Rev. D 99 (2019) 072009
0.77 1537 L1012 pb  —l . — CMS, L, =35.91b
- JHEP 08 (2018) 011
i 0.99+ 0.05+ 0.08 pb =+ ATLASL =139f0"
ttZ AG~8% arXiv:2103.12603
0.95+0.05+ 0.06 pb : ————t—i CMS, L _=77.5fb"
JHEP 03 (2020) 056
tTy+tWy 0040%0.001 *8%%2 pbx 20 r— ATLAS, L = 139 fb" Vis 1
AGBY% : JHEP 09 (2020) 049
c~0"/0 :
thy 0.80+ 0.01+ 0.05 pb ——to—| CMS, L _=1371b", Vis2
: CMS-PAS-TOP-18-010*
| | | I | | | | | | | I | l | I | | | I | | | | | | | I |
0 0.2 0.4 0.6 1 1.2 1.4

0.8
G, [Pb]

ttW measured consistently higher than SM reference in both experiments
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ttW production cross section: keep working!

ATLAS+CMS Preliminary _ *Preliminary
Hotopie Vs = 13 TeV, May 2021
Gy =0.5970 |(scale) £ 0.01(PDF) pb : o, =0.86" ¢ ;(scale) + 0.02(PDF) pb Gy v, X 20 = 0.038" Cgo(tot. )pb x 20 oy, = 0.77£0.14(tot.) pb
Eur. Phys. J. C 80 (2020) 428 *  Eur. Phys. J. C 80 (2020) 428 JHEP 10 (2018) 158 Madgraph5 + aMC@NLO
NLO(QCD+EW)+NNLL NLO(QCD+EW)+NNLL NLO QCD NLO QCD
Gmons. T (Stat.) £ (syst.) i T :
: 1
0.87+0.13% 0.14 pb . — . : ATLAS, L, =36.110
AW Ac~22% : Phys. Rev. D 99 (2019) 072009
0.77 01 “o12Pb  — . _— CMS, L =359 fb"
e ' JHEP 08 (2018) 011
—_ . — ] ] ] ] | ] ] ] ] ] ] ] ] ] ] ] ] ]
£ ol ATLAS Preliminary ias L —sn | 06 0.8 1 1.2 1.4
% {s =13 TeV T Phys. Rev. D99 (2019) 072009 i (0} [pb]
T L ttv
& 1000 - 9 t g '
° i I i i
i . : H Z,
S0P 7 Cross section vs. scale choice /'/IK W ! W
600~ 1 1) higher XS for fixed scales ! E ‘
4T | o/ : :
ol MGS.alCsPya NLOIRG l{__ 2) 10% increase due to EW production
| —%— QCDstree-level EW.p, ] 3) strong dependence
QCD, | fixed p_ =(2m __+m,)/2
I —3— QCD+tree-level EW, u_  gyn_arit. =H1’2=l ]
2000 - aco,u, "o 2 2 Oinc(Uo/4)/Oinc (o) ~1.4
1 1 1 1 I 1 . " "
o — factor 2 up/dw variation for the scale unc. might be
§ ' ] conservative given the strong dependence ...
2 121 ]
&8 1 1 ATL-PHYS-PUB-2020-024
- 1 1 “|" I N |. T I 1 :
0.25 0.5 1 4 . .
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tty and ty production cross sections

tty - single lepton

- Signal: genuine y from

ISR, top or its decay products Y
00000

- Challenge: background estimation
misld. electrons and non-prompt photons/leptons

Inclusive XS: in agreement with SM; 66<6%

CMS

137 fb™ (13 TeV)

Dominated by syst
unc.: bkg. norm.,
signal modeling,
JES

—_—

o}
e

dn

250

E |
= 300
=

Trrr 1 I
MG5_aMC
— Pythia8

- - - Herwig7
----- Herwig++
—e— Observed

T

T 17 I T T I T T I
Uncertainty  _|

Stat. ]
[ Total

Theory ]

200

150F

Differential XS
at particle level

pr(Y), Inl(y), AR(lY)

100

-8'1.2III LR B L

arXiv: 2107.01508 0o

tty + tWy - dilepton

- Signal: y from dif. sources
(doubly resonant production)

pp — blvblvy
pp — blvlvy
pp — tWy

Fiducial XS (60<7%) and
differential XS at parton level

E T 3
- GTL:gTeV - o Unfolded data ] pT(Y)1 In | (Y)v AI:{mih(l ’Y)1
S$= ,
10 ?Absolute cross-section + Theory NLO _g Aq)(l, I) y Arl (I y I)
. [ stat. q
1 ;l". Stat @ Syst. _§
F % ]
10_1 | wen — ~ 1.2
—— %E 1
w0 pr(Y)
E T Y 0.8
0.6

TSI R TR ||||\|||||2éd|||
p,(1) [GeV]

- o
=

Theory/MC  Pred./Data
o = o

C?)_.N [,

Ad(L])

JHEP 09 (2020) 049

—> Also evidence of tyq process (6o ~30%)
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ttZ and tZ production cross sections

ttZ — 3¢+4¢ tZ - 3¢
Inclusive XS: 664,~8% (main syst: modelling, b-tag) _ . :
) ) ) Inclusive XS: 661,<12% )
Differential XS measured at parton & particle level : -
R R CMS swigatey | Stat. Unc.~syst. unc. -
3 | ATLAS -1- I\D/I:;: aMc@NLO+ hiag o) T [ H Z
G [Vs-1aTewsomo I iGheNc e = ool 1| Including charge ratio!
r;’\.‘ L 3l + 4l combination s :nh:p :::gmuln[ *CIBI L J W
'8 S —NLop NNLLJHEPOQS (2019) 03 | | 8 : I : b t
5 | | | Differential XS at parton & particle level
100 138fb (13TeV
: i Data § ............ e e e e o ]
: - aMC@NLO s CMS Py 1 8
o O S 3__pl-732/ ' o
< 13F 3 > C p*FS = 58.9% 3 S
o 41 3 3 b S o5 ] N
g -og \. [_'_'_i_'_'_"—v—l—v—"_‘_‘_l‘_‘_‘i I 7 g AN AR A B\ e DI-
§ 8 8 0.7F A T B T . % 2:— : i . E
. ! ! o -1 -0.5 0 0.5 o 1.5 IIIT Measurement .
° 10 0 partontovel pZ(GoV] cos 67 B £ aMC@NLO, 4FS (<j()
Variable EPJC 81 (2021) 737 JHEP 03 (2020) 056 o 1 Aq)(e e) 1 aMC@NLO, 5FS 3)
§ p% - PEIPEIPEEN PP PP EPEPEPEPE “...:' 2
§ |yZ| g % 1.5;--.~.....\....\....._: " - (@)
o | - Sensitive to generator modelling, BSM effects 5|3 osf ]
s | Pr - Y- S R N R R T S
[A(Z, tiep)| Probe QCD effeCtS Particle level Ag({, ")
wyzigi | - TOP Pr modelling First measurement - seviive tosromdous cowlngs
Niets - Pr(?be t-Z vell’tex of top quark spin Ag = 0.58 £ 0.06(syst) ") 15 (stat) |
s | 180N - Spin correlation asymmetry in tZ! " 5 In agreement with SM predictions!
LAIT;zs(n, 2) A= 1/2"P*a, Ay GSMC@NL?:M?’ﬁgggg
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ttH spectroscopy

ttH > bW bW H > bb + (jjji/Ivjj/iviv) + (bb/WW*r1/2Z*/yy)

- Large number of final states which are typically very complex in
- Different channels, different backgrounds and systematic uncertainties 70K events

- With the increased statistics, changes in leading channels LHC Run
ttH(bb) ttH multi-leptons ttH(yy) ttH(ZZ*—4])
Low S/B (need MVASs) Clear peak (bump hunt)

High Higgs Branching Ratios Low Higgs Branching Ratios

* tt+H (H=>bb) vs. tt+jets (g=>bb)

_l".__/#b
b

v/aq

/g
b/e/l
b/ec/l
t d
t

" {w;m tt+H (H—WW?* T, ZZ*) vs. tt+W/Z
wiz/lT

t
t

Y - “‘\\\
Sy tt+H (H—vyy) vs. tt+y(y) XE
i t
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ttH (H->bb): large branching fraction but huge background

T o g 1l 2|
t t H :: -> bb ’ nggg (bb) N\ ' Hiﬁgf ) \ | ' Hilg:qs (bb) N\

“‘\ 4 ) /S lepton Y 4 lepton
l l L ThTh, ThTs TT) % D \ v
bW | bW ““'l L V 4 L P ] lepton o
+ + “‘ WTW*|» by, fv2j @ -,
blv,bjj || blv,bjj | i
27" o] 40,2000, 2025 - I

* Fermion-only production and decay @ Significance

* Higgs boson reconstruction possible, (%) ATLAS (139 fb-'; 211): 1.30 (expected 3.00)

but challenging due to large combinatorics X CMS (77.4 fb-): 3.90 (expected 3.50)
- Biggest challenge: tt+bb background with ' o |

Iarge theOI'y uncerta|nty ;.‘\’ 510000 ATLAS Preliminary ¢ Data  [lItiH B A'II'LAS ll3relimin|ary \(§|=13 Te\ll, 139 fbl'1
w Vs=13TeV,139fo" [tt+>1b[Jtt+>1c | —Total — Stat Tot. ( Stat. Syst.)
Single lepton Ett+V [t +1i,4tH o n : .__'_._;_” 98 +1.42 (+0.46 +1.34)
. . SR:L []Other 7 Uncertainty | iH ple [0,120) GeV : - -1.33 \-046 -1.25
« Event categorization based on PostFi .
4 M : -0.88 174 (Y068 ‘127)
. iH p''s [120,200) GeV '_'_._H 1.44 \-0.68 -1.27
# jets and b-tags . o

IR 1.02 +0.91 (+0.69 +0.59)
] Tl 200300 Gev E"'—"_H _0.86 \-0.67 -0.55
» Cascade of MVAs Hiaas -
. . gg p T 7 Mwipemoosocev F—e—i -0.08 *yeg (Y54 ‘042)
» Systematically limited ;
J M plle [450:) GeV I-l—.—-l -0.01 t1_'32 (f0:91 j0:96)
07 1 Inclusive ﬂoﬂ 0.43 fg:g (fg:fg f§_‘§$ )
3 E P N S N B B I BN

& 1250 = -2 0 2 4 6 8 10

. ‘\% . 51 iﬂw.y.wﬂwow//ﬁf/.ﬁf//#/////ﬂ//////W umf (.).tIH/(,gI-’\ilI for mH=1 25 GeV

Also measurement of 5 STXS bins <°% = -
) 100 200 300 400 500 600
Higgs boson candidate P, [GeV] ATLAS-CO N F-2020'058
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ttH (H 2WW?*,tr,ZZ*): suppressing ttW and non-prompt

a7 4 21SS
t F{ ST = R LN
:s‘ bb %//’ ¢
L W [+ . ’
Wl T T e thTh T, T Vg
bW | bW LY
! . ST vty v2) — '
blv,bjj || blv,bjj | i b N Common categories
. =
277 |s| 4,2020,202; S oo +2ci 104200 20 420
H H H . 1¢ 1 2f0s + 11
* Distinct multi-lepton signatures (up to 10 explored! +1T | 5)c0 11,1 38 H 1t
 Higgs reconstruction is difficult .«
) 2¢ss +0t! 3¢ + 079} 4¢ + 07
” 70CMS 137 fb™' (13 TeV >
= [ (@I SS + 0r,, ttH node)u(ttH, tH)=(1 ]
o C ¢ isid. leptons [ Flips 3 Ne u‘\
w 60 []Conversion []Rare Wzz = . . . . . /
o Et  me » Powerful multivariate discriminant: most sensitive ch.
— IltH ttH Total unc—| .
- S o N - object-level to reduce non-prompt leptons
40— — . . . .
& - \ . - event-level to discriminate ttH from main bkgs.
= 30 = e " :
N - ] » Uncertainties: statistical ~ systematics
AN .
o : Significance
——-_ — Im -l L]
Q A R T ATLAS (80 fb-'; 6 ch): 1.80 (expected 3.10)
ooy CMS (137 fb'; 10 ch): 4.70 (expected 5.20) > 5c41~25%
o osif + AT AT
5E oo T HTTHREE CMS also studied tH signal:
L 05 E . . 4
8§ st m % Wy=>5.7*2.7(stat) + 3.0(syst) New ATLAS H=>1 analysis (137 1)

Bin number

1.40 significance (0.3c expected)

includes 0l+21,, obtaining 1o significance
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ttH (H>yy, ZZ*>4l): very clean bumps

7Y i
T = 2y+0l o 2y+11 Al+iets
tt H b ) el 2
\:““
l l ‘\“‘ 7_+7__ > ThTh, ThT), TT \ d \ Y ’
bW | bW 5 . - b - . &
v + CWEWHE | vy, 0025 '
b£V7b.7.7 beV,bj] :V ” T —
277" |s 40,2020, 2025

« Small rate X
* Very clean final state with high S/B @
* Clear Higgs peak

. Statistically limited  Significance (139 fb~):
Ty = >50

ZZ*(41) = expected 1.20
For H=>vyy, 6641~25% and also:

PN ananans L - measurement of 5 STXS bins
D . o
0 35 2 Sinal s Background - CP analysis: mixing angle |a|< 43° @ 95% CL
I = = Total background - i
5)22 = Gorniiiem Backoriad a pure CP-odd coupling excluded >3c
= = 2-[""]""l""l""l""l""l""l_
";620 + _‘:’ ] 55 — o + Best it XM ]
2155 26 e,
UE:) 15 _‘_ + < | S, R
10E (5-13Tev, 139 1" + -4 osb & R
5 E In(1 + S/B) Weighted Sum 05_ ' __
0 " A1101 F— 1120A Pt ;1301 ;1401 .1501 .[1G.1v?0 055 g AISO Searches for tH’
m e V.o = . . .
" [ 3 upper limits in XS:
s ?Erf‘:;ev 139 b = otH<6osMm
PRL 125 (2020) 061802 f eIt
235 1 05 0 05 1 15 2
K,cos(o)
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Imagine ttH (or tH) is measured to be different from SM...

Who is the responsible ?

g9

EPJC (2017) 77: 887

BSM SM
Ono - 1OnLo

— ZH
— WH
— ttH

— 9gF
— VBF

— tHj

L - 1 1
10 5 5 0 K3

0.09
0.08 | O(kS ] _
L oo " { The power of differential measurements:
2 o005} 13 TeV LHC o o _ _
T 004} Variations in Higgs-self coupling (A;) will
= 003} : :
0.02 | affect the shape of kinematic,
op & . : . _ e.g. low p(H) region would be highly
5.0 E Dierential —— | affected while it is not deformed in the tail...
— 40 F ]
S 30} ] _
s Lol x\ New Physics effects?
1.0 F E
00 . . . . NEXT . .
T o 100 200 300 400 = sTOP E differential measurements
) pr(H) [GeV]
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EFT constraints

Process O O Ow O 0% 0, Oy Ow Om Oy |Oc O % FE e
tG tB tW °Q oQ pt te bW wtb 4f G G a
t—=>bW by N L L L2 L2 112 8- ]
pp = tj N L L L2 L? 1L r
pp — tW L L L L2 L2 \ °r e
pp - tt— M| L 4-— ------ + theory ]
m _) tt—j IIIIJ llllllllllllllllll 2Ir4N L : — ~ - theory :
pp — tty Lo L L : 2I-4N | L 2 MescL -
pp = tZ L L L L L L 2[-4N | L - 95%CL -
pp = W L L  1L-2L -y PR TR TS
pp — tyj :N L L L . L2 L2 1L Co/ A°[TeV']
. . . 2 2 _—_—
pp = tZj N L L L L L: L2 12 1L e e T Do
pp —) t{tf lT‘ ------------------------------------------- L] :QI;_KL.E L O 0]53_ ﬁi:i%ﬁgblg?vitg‘”mns | g:;ﬁ: region_f
A o E . I 68.4% region E
pp — ttH L L 2L4L | L Li Ut ;
pp—)tHj N L L IIT‘ llllll L? lllll ]:2 llllll III:III lllllllll Nl 0.25; —é
0.00F 4
E 1.0 -0.25; 4
s [ATLAS M99.7% CL osok E
e F p 95.5% CL o ]
0.3: /L dt =202 b= s;ﬁ:i% cL ozt E
0.61v5~8ToV e BBy [
B i o B Ct
iy V. 2> C¢Q,3 5':["1“9' 2 [ CMS Preliminary ~ —— S3%&F 18 g} -
- - E. 20 =
0.2l gRQCtW Vr=0 T c.“_.20: :gystﬁt 6§
O | ATLASPreliminary * Destiitvalue | < 10l 4
0.0 CG==> = 13Tev, 139 M7 e o O
05 'S ev, 95%CL | o - 12
—0.2:— E * SM predictionz = 0 ES 10
| S S B I B o- R ] 2 -
. -0.4 -0.2 0.0 0.2 0.4 L = —10F
Re(g.) i y 3 C
-0.5( S 8 - C
Lo T S =20
i @ -
T ; TN B PP EPIFIIP IR PRI (PP I 0
105 0 05 1 15 2 |0@ =il 5 4 8 10 18 0 .
Cuy =  Weakvector coupling (L) Cch/ A° [TeV™]
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A recent global fit to top quark EW couplings

* Left/Right-handed couplings of top/bottom
quarks to Z boson: 0, 049, OS’%

* EW dipole operators: Oz, Oww, Opw

* Top Yukawa: Oy,

* Charged current interaction: 0,

| Global Fit LHCTI-LEP+Tevatron |

Process Observable Vs < Experiment
pp — ttH wio cross section 13 TeV 140 fb~! ATLAS

pp — ttW o cross section 13 TeV 36 fb~! CMS

pp — 1tZ o (differential) x-sec. 13 TeV 140 fb~! ATLAS
pp — ity nio (differential) x-sec. 13 TeV 140 fb~! ATLAS

pp — tZq wio cross section 13 TeV 140 fb~! CMS

pp — tYq nio cross section 13 TeV 36 fb~! CMS

pp — tb (s-ch) o cross section 8 TeV 20 fb~! ATLAS+CMS
pp —+ tW o cross section 8 TeV 20 fb~! ATLAS+CMS
pp — 1q (t-ch) no cross section 8 TeV 20 fb~! ATLAS+CMS
t— Wb wo Fo, FL 8 TeV 20 fb~! ATLAS+CMS
pp — tb (s-ch) 1o cross section 1.96 TeV 9.7 fb~! Tevatron
eet = bb o Ry , A% & ~ 91 GeV | 202.1 pb~! LEP

| [ ] BaselinejA"‘ i 4F AT -1 All Corr. A“‘j = Baseline A‘jz ~i 4FA? ‘ 1 All Corr. A2 j B Robust Limitl
Cgotb/5 ‘ i
| A significant improvement compared
Cw | to other previous fits
| Bounds compatible with SM within 20
Oyt | _
S ; 95% prob. bounds: +0.35 - 8 TeV 2
< cw |
% Cia
£ 0 | = , |
i Sl s A | |
C,./5 ! e - S — ! ! !
-3.5 —:2.5 —Z:I..S —(:).5 0:.5 1:.5 2:.5 3.5 arXiV: 21 07 1 391 7
Values (TeV~2)
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A recent global fit to top quark EW couplings

% . . Process Observable Vs /< Experiment
Left/nght-handed COUp“ngS Of top/bOttom pp — ttH nio cross section 13 TeV 140 fb~! ATLAS
. — 3 pp — ttW o cross section 13 TeV 36 fb~! CMS
quarks to Z boson: 0yt oQ o Q pp — 1iZ wio (differential) x-sec. | 13 TeV | 140 fb~! ATLAS
* EW d I . ¢ pp — ity nio (differential) x-sec. 13 TeV 140 fb~! ATLAS
Ipole Operators. OtZl Oth obW pp — tZq wio cross section 13 TeV 140 fb~! CMS
* . pp — tYq nio cross section 13 TeV 36 fb~! CMS
Top Yukawa: Ot‘P pp — tb (s-ch) nio cross section 8 TeV 20 fb! ATLAS+CMS
* Charged current interaction: O th pp — tW nio cross section 8 TeV 20 fb~! ATLAS+CMS
P pp — 1q (t-ch) no cross section 8 TeV 20 fb~! ATLAS+CMS
o _ t— W¥b o Fo, FL 8 TeV 20 fb~! ATLAS+CMS
2 Individual Uncertalnty per Observable (95% || PP — b (s-ch) w0 cross section 1.96 TeV 9.7 fb~! Tevatron
10 | | ‘ | ‘ | | eet s bbo Ry . AL ~ 91 GeV | 202.1 pb~! LEP
e : =
'J \‘%S |~% & \gﬁ_
[:Eifiﬂ - g 5 E Sensitivity coming from:
N S = | Cyy~> Whelicity and tty
%23 o T
T10t)  of £ L2 S 2 8 | -
;10 = Sl =l s s E0 | Cop&CS) > LEP/SLD
s 0 -l = Sl 1 & ana iz
2 %>B$ | S = t7 Y and tt
o] O & =] = .
£ s ] . gf Corp = tZ and W helicity
i ] | _ i
J] il 5 ! Significant improvement from ttZ and
. _J i s ] < tty differential measurements ©
10° | W (E ]
Ci, Cyw Cy CjQ Coo Ciz Cou Cyw arXiv: 2107.13917
Operator Coefficients
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A recent global fit to top quark EW couplings

* Left/Right-handed couplings of top/bottom
quarks to Z boson: 0, 049, Of;’()?

* EW dipole operators: Oz, Oww, Opw

* Top Yukawa: Oy,

* Charged current interaction: 0,

Process Observable Vs < Experiment
pp — ttH wio cross section 13 TeV 140 fb~! ATLAS

pp — ttW o cross section 13 TeV 36 fb~! CMS

pp — 1tZ o (differential) x-sec. 13 TeV 140 fb~! ATLAS

pp — ity nio (differential) x-sec. 13 TeV 140 fb~! ATLAS

pp — tZq wio cross section 13 TeV 140 fb~! CMS

pp — tYq nio cross section 13 TeV 36 fb~! CMS

pp — tb (s-ch) nio cross section 8 TeV 20 fb~! ATLAS+CMS
pp —+ tW o cross section 8 TeV 20 fb~! ATLAS+CMS
pp — 1q (t-ch) no cross section 8 TeV 20 fb~! ATLAS+CMS
t— Wb wo Fo, FL 8 TeV 20 fb~! ATLAS+CMS
pp — tb (s-ch) 1o cross section 1.96 TeV 9.7 fb~! Tevatron
eet = bb o Ry , A% & ~ 91 GeV | 202.1 pb~! LEP

o tyg m ttZ inc  EEE tZg m ttyinc

BN tZ diff WEE t>Wb  mam (fydiff M Global
6 | e
e

M |HEP[T

NN p— — —

CizIN? (TeV—?)

0
CwIN? (TeV2)

2

Sensitivity coming from:
Cow~> W helicity and tty

Cor > ttZ

- 2 c®
Cpo & C5Y = LEP/SLD

C., = tty and ttZ

Coep 2 tZ and W helicity

Significant improvement from ttZ and
tty differential measurements ©

Complementarity btw. measurements

arXiv: 2107.13917
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Flavour changing neutral currents

Flavour changing charged current ... and neutral current

5
Flavour conserving neutral current |* tZq

: 3 = ;
* tgt g:»r<t t L.—{ Lq—{
. \i ;f&- ’ ¥
> tZt :-’
. i
> - Ly 1
> tyt s p.
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Flavour changing neutral currents

& ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] PLB 800 (2019) 135082 (LH only)
September 2020 [5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55
[7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176
Each limit assumes that [9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003
all other processes are zero Theory predictions —SM 2HDM(FV) E]2HDM(FC)
from arXiv:1311.2028 [CJMSSM[Z]RPV EIRS
S, 5 :| [1]
t—>Hc 2
[1]
BR(t>qH)< 10 t>Hu ;
i [4]
—>YC 5]
[4]
t—>yu -
[6]
t—gc -
i [6]
—gu 7]
B [8]
t—>Zc 0]
Most recent limits not oz = % [8]
" . . O\ X >< / /
included in this plot. T ] el
16 13 ~10 _ _ -
10 10 10 10”7 10 10

Branching ratio
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Many SM processes are explored for the first time at the LHC.
Recent results on EW and top quark physics have been summarized here.
Outstanding level of precision reached and continue pushing the limit.

Despite the enormous effort, no new particles or significant deviations from SM
[strong bounds on possible beyond-SM contributions]
No significant excesses seen (yet)...

LHC will restart next year... and we have many challenges:

- Need to perform even more precise my,, / my measurements (also new calculations/observables,
and improve experimental methods).

- Precision measurements of differential processes allow to test the theory advancements.

- Rare processes provide great insight towards BSM effects.

- Measurements of properties such polarizations, CP effects,... allow also BSM tests.

- The EFT extension of the SM allow for model independent searches of new physics.

A vast potential for discoveries! Exciting program with great opportunities.
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THANKS FOR YOUR ATTENTION
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BACK-UP

B Muon
Bl HCal
BN ECal
BN Tracking

JINST 3 (2008) 508003 Integrated luminosity (fb—1)
V5 (TeV) | ATLAS CMS  LHCb

7 ) 6 1

8 21 23 2

13 147 150 6
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Inputs to global EW fit

Sept. 2021

Table 1 Input values and fit results for the observables used in the
global electroweak fit. The first and second columns list respectively
the observables/parameters used in the fit, and their experimental val-
ues or phenomenological estimates (see text for references). The third
column indicates whether a parameter is floating in the fit. The fourth
column gives the results of the fit including all experimental data. In the

fifth column, the fit results are given without using the comresponding
experimental or phenomenological estimate in the given row (indirect
determination). The last column shows for illustration the result using
the same fit setup as in the fifth column, but ignoring all theoretical
uncertainties

Parameter Input value Free in fit  Fit result Fit w/o exp. input in line  Fit w/o exp. input in line, no theo. unc.
My [GeV] 125.1£0.2 Yes 125.1+0.2 9034 g

My [GeV] 80.379 £ 0.013 - 80.359 + 0.006 80.354 £+ 0.007 80.354 = 0.005

I'w [GeV] 2.085 £ 0.042 - 2.091 £ 0.001 2.091 £ 0.001 2.091 £ 0.001

Mz [GeV] 91.1875 £ 0.0021  Yes 01.1882 +0.0020  91.2013 £+ 0.0095 91.2017 £ 0.0089

'z [GeV] 2.4952 £+ 0.0023 - 2.4947 + 0.0014 2.4941 £ 0.0016 2.4940 £ 0.0016

oy, [nb] 41.540 £ 0.037 - 41.484 £ 0.015 41.475 £ 0.016 41.475 £0.015

R} 20.767 £ 0.025 - 20.742 £ 0.017 20.721 £ 0.026 20.719 £ 0.025

A';*Bf 0.0171 £0.0010 - 0.01620 £ 0.0001  0.01619 £ 0.0001 0.01619 £ 0.0001

A 0.1499 £ 0.0018 - 0.1470 £ 0.0005 0.1470 £ 0.0005 0.1469 £ 0.0003

sin*8% (Qpg) 0.2324 £ 0.0012 - 0.23153 £ 0.00006  0.23153 £ 0.00006 0.23153 £ 0.00004

sin” @5 (Tevt.) 0.23148 £0.00033 - 0.23153 £ 0.00006  0.23153 £ 0.00006 0.23153 £ 0.00004

Ac 0.670 £ 0.027 - 0.6679 £ 0.00021  0.6679 £ 0.00021 0.6679 = 0.00014

Ap 0.923 £+ 0.020 - 0.93475 £ 0.00004  0.93475 £ 0.00004 0.93475 £ 0.00002

Aﬂf; 0.0707 £ 0.0035 - 0.0736 + 0.0003 0.0736 £ 0.0003 0.0736 £ 0.0002

Aﬂ‘; 0.0992 £ 0.0016 - 0.1030 £ 0.0003 0.1032 £ 0.0003 0.1031 £ 0.0002

R? 0.1721 £ 0.0030 - 0.17224 £ 0.00008  0.17224 £ 0.00008 0.17224 £ 0.00006

R} 0.21629 £ 0.00066 - 0.21582 £ 0.00011 0.21581 £ 0.00011 0.21581 + 0.00004

M. [GeV] 1.27 09 Yes 1.27 57 — -

My [GeV] 4207047 Yes 420704 - -

m; [GeV]'™! 17247 £ 0.68 Yes 172.83 + 0.65 1764 £2.1 176.4+2.0

Aah(M2) 2 2760 £9 Yes 2758 £ 9 2716 +39 2715+ 37

as(M3) - Yes 0.1194 £ 0.0029 0.1194 £+ 0.0029 0.1194 £ 0.0028

*) Average of LEP (A; = 0.1465 £ 0.0033) and SLD (A; = 0.1513 £ 0.0021) measurements, used as two measurements in the fit. The fit without
the LEP (SLD) measurement gives Ay = 0.1470 £+ 0.0005 (A; = 0.1467 £ 0.0005). (V)Combination of experimental (0.46 GeV) and theory 53

uncertainty (0.5 GeV).""/In units of 10— ‘“)Rescaled due to «, dependency



First m\, measurement at LHCb

muon pr based mw measurement by LHCb 2016 dataset 1.7 fb !

Measurement uncertainty summary

Source Size [MeV |
Parton distribution functions (9.0 Average of NNPDF31, CT18, MSHT20 )
Theory (excl. PDFs) total 17.4
Transverse momentum model (12.0 Envelope from five different models )
Angular coefficients CQ.O “Uncorrelated” 31 point scale variation )
QED FSR model (7.2 Envelope of Pythia, Photos and Herwig )
Additional electroweak corrections (2.0 Test with POWHEGew )
Experimental total 10.6

Momentum scale and resolution modelling [ 7.5

) , ] Includes simple statistical contributions,
Muon ID, trigger and tracking efficiency

dependence on external inputs

Isolation cfficieney 3.9 :
and details of the methods.
QCD background 2.3
Statistical 22.7
Total 31.7
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May 2021 CMS Preliminary May 2021 CMS Preliminary
T T T T T T T T T L T T T L
CMS measurements 7 TeV CMS measurement (stat,stat+sys) o+ CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) ——o0——
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) e Theory 8 TeV CMS measurement (stat,stat+sys) ot
13 TeV CMS measurement (stat,stat+sys) '—H—'1—« 13 TeV CMS measurement (stat,stat+sys) e
Y o 1.06+£0.01£0.12 5.0fb qqW ot 084 +0.08+0.18 19.37fb™
Wy, (NLO th) ———+—— 1.16+0.03+£0.13 5.0fb" qqW - 091+0.02+0.09 3591’
W’Y, (NLO th.) - 1.01 £0.00 £ 0.05 137 fb.1 qqz —_—l 093+0.14+032 5.0 .|:b-1
Zy, (NLOth) o 0.98+0.01+0.05 5.0fb" - 844007 0. 9.7 fiy!
Zy, (NLO th) s 0.98+0.01£0.05 19.5fb" qqz 08 N o7 N o1 1971
WW+WZ - - 101013014 49" o e 098 +004+010 3291
WW 1'07 . 0'04 L 0'09 4'9 e yy—>WW 1.74 +0.00 +0.74 19.7 fb"
WW — 1.00+0.02+0.08 19.4 fb" aqWy ' 1.77£067£056 197 fo!
wWw - 1.00+0.01£0.06 359 b aqWy —oe 1.20£0.16 £021 36967
W2Z e 1.02+0.04+0.07 19.6fb" ss WW H—e—i 1.20+0.11+0.08 137 fb™
wz - 1.00£0.02+0.03 137 fb" qaZy 1.48+0.65+048 19.7 b
y 74 o 0.97+0.13+0.07 4.9fb" qaZy ko 1.20+0.12+0.13 35.9fb™
2z e 0.97+0.06+0.08 19.6fb" qqWz —— 1.46+0.31+0.11 137 fb
77 — 1.04+0.02+0.04 137fb" qqZZ P — 1.19+0.38 £0.13 137 fb™
Allrgfssltsat 1] ‘ i I 115 i ‘ l' | | é All I I{) t | ; o é i I é I I' . ‘I‘ o é
u . . results at: .
hitplcerm ohiaalpNi7 Production Cross Section Ratio: Gy / Giney o ficamchiasloni7 Production Cross Section Ratio: oy, / 6,4,
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VBS/VBF

ﬂ q q qd \

W/Z/~
W/Z/~
W/Z/~y
W/Z/~
qH qlll ql! qlh‘
Electroweak Signal ‘
/ QCD Background \
q q q g
W / 7 / 0%
W/Z/~y
W/Z/~y
W/Z/~

vﬂ qlll qf g /
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VBS results

Experimental challenges per final states

channel final state comment *
Observed! .
VBF v jj statistics is not a problem, good modelling of W+jets needed
Observed! .
VBF Z 22 jj statistics is not a problem, good modelling of Z+jets needed
ObseflvBeSd!thi ervety 5 “golden channel”: very good EW/QCD ratio, mainly experimental
(charge mislID) background, good statistics
: . hard to investigate due to dileptonic ttbar background, Higgs group
VBS W+ eve'sv 33 does also use this final state
Obser {,I%g! WZ 2R’V i similar cross section as ssWW, but larger QCD background, fair
reconstructibility of fs
Observed! photon brings higher stat. (and different experimental systematics),

VBS Wy/Zy &vy jj / &y 3] lacks sensitivity to BSM in Higgs sector

large backgrounds (W+jets, ttbar), but promising boosted regime when

VBS WV tvii 33 looking for NP effects
cs o large backgrounds (Z+jets, ttbar), but promising boosted regime when
L e €33 13 looking for NP effects, no neutrinos in final state
VBS 77 20070 i very clean channel, very good reconstructibility of final state and low
JJ background contamination, but small cross-section
Observed! : — —— .
VBS 77 22w jj challenging to measure invisible Z decay, combination with leptonic

decay might help to suppress dileptonic ttbar background
P. Anger
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VBS W*W * >2I*2v: longitudinally-polarised ?

Higher order corrections

* Full NLO computation have been done for same-sign unpolarized WW process

LO O(ab) O(asa®) O(aZa*) 1708.00268
B. Biedermann
EW EW EW A. Denner
QCD QCD QCD M. Pellen
Order O(a") O(asa®) O(o2a®) O(ada?) Sum
donro [fb] —0.2169(3) | —0.0568(5) || —0.00032(13) | —0.0063(4) || —0.2804(7)
donto/ono 1% I —13.2 35 0.0 —0.4 171

* NLO EW and QCD [ 0("), O(ase®) ] corrections are considered

« EW corrections are large and negative (~-15%) in the fiducial region and increasing with
dijet and dilepton masses

« NLO corrections for the polarized samples are not known (a; corrections expected to be
the same for the 3 modes. a corrections expected to be small for the longitudinal modes).
* Apply a, corrections on LL, LT, and TT

« Apply a corrections for TT
« Take the size of a corrections as uncertainty for LL and LT
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VBS W*W * >2I*2v: longitudinally-polarised ?

Signal BDTs to improve the sensitivity to polarized scattering
e Train LL against (LT+TT) and train (LL+LT) against TT

« Use 15 discriminating variables .

. jet kinematics Isolate EW W*W+ against nonVBS background

« vector boson kinematics .

« variables related to both lepton and jet kinematics Dominated by non-prompt ttbar events

« Use 10 discriminating variables

Variables Definitions

Ag;i Difference in azimuthal angle between the leading and subleading jets Variables Definitions

Pr pr of the leading jet mjj Dijet mass

P’f pr of the subleading jet | A Difference in pseudorapidity between the leading and subleading jets
pi Leadin.g lepton pr Ay Difference in azimuth angles between the leading and subleading jets
P Subleading lepton pr 1 o

Ay Difference in azimuthal angle between the two leptons pl_; pr of the leading jet

iy Dilepton mass P pr of the subleading jet

ple Dilepton pr pfil Leading lepton pr

m¥W Transverse WW diboson mass pi Dilepton pr

Z, Zeppenfeld variable of the leading lepton z; Zeppenfeld variable of the leading lepton

2y Zeppenfeld variable of the subleading lepton z;, Zeppenfeld variable of the subleading lepton

ARy ¢ AR between the leading jet and the dilepton system P'{Jiss Missing transverse momentum

AR ¢ AR between the subleading jet and the dilepton system

(PP /( p’rl p?) Ratio of pr products between leptons and jets

pmiss Missing transverse momentum
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VBS W*W * >2I*2v: longitudinally-polarised ?

Process o B (fb) Theoretical prediction (fb) Process o B (fb) Theoretical prediction (fb)
WEWE 032705 0.44 + 0.05 WiW; 024705 0.28 & 0.03
WxWi  3.06703% 3.13 £ 0.35 WXWr  3.25%0-9 3.32 +0.37
WEWE 1.207028 1.63 +0.18 WiWy 1407090 1.71 +£0.19
WzWs 211700 1.94 +0.21 WiWs  2.03%02) 1.89 +0.21

m Parton-parton c.m. frame

Not yet an evidence for a single-boson polarisation state
Observed (expected) significance for WLWL+WLWT: 2.3 (3.1)
Obs. (exp.) significance for WLWL.: 0.88 (1.17)> XS<1.17 (0.88) fb

CMS 137 b (13 TeV) .
iy — . g °F
| ---- Expected bkg. only stat ‘ 8 [ . : P
= e e oY £ [ ATLAS Simulation Preliminary
<1 6| " Expected bkg. only stat+syst - . & 55—
N | - - Expected signal+bkg. ’ ‘é’ N \s=14 TeV
1 — o L + .
i Observed :i 4__ pp _)WLW:E”
i 8 °F
4 95%cL A . u
3
i Lo e
2 . -
| es%cCL ' :
P - b@*‘ S bt 1__ e with all sources of uncertainty
. N ———— with only statistical uncertainties
- ‘.‘ * - * l . * l * o—l Ll 1 l - l - Ll l - l - I A LA L l - l ' LAl l Ll A
0.5 1 1.5 0 1000 2000 3000 4000 5000 6000 7000 8000
oy w L] Luminosity [fb )
LWL
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Top quark: experimental programme

- Cross sections gy
— inclusive and (multi)-differential N
— 1t, single top

— boosted regime

_ - Mass + properties
- Rare production & decay modes — mass, width, charge
-t LWy — spin, polarisation, W-helicity
— t+Z,y production — lepton universality
— FCNC decays — charge asymmetries
— tttt
* Reinterpretations

¢ MOde"ing - thOLE, my, PDF and Os

— b-fragmentation — EFT constraints
— tuning of underlying event

— parton shower, hadronisation
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" Left/Right-handed couplings of 2D 95% prob. contours showing complementarity btw. measurements

top/bottom to Z: 0, 0,4, 0((;3 Watch out for:
* EW dipole operators: 0,7, Ouy, Opw

* Top Yukawa: 0, ; ttZ in Ciz, Cpe; tty and Whel. in Coy; tZq in Copepy

* Charged current interaction: 0,
*e~-bb 7 diff H tZ £ tyin
tefWe [ ] &Ziric [ ] Glgbal = :gdiff = :fmi;;c : ;‘Z:diff = :I};:Jacl

o [FITS
HEP[T

Cot/A? (TeV~2)

0 -4 -2 0 4 6
Coo-IN? (TeV2) CuwIN? (TeV~2)
e_*‘e‘-obE  ttZ inc Hl tZg tw . tg . &Ydlff . tZq
 tEZ diff e tg Il Global . Wb th iy inc B Global
ﬁrl b Y
20 I &J
- 10
5
@
~ 0
<
g
O -10
-20
0
C,_o//\z (Tev—2) -10.0 -7.5 -5.0 -25 0.0 2.5 5.0 7.5 10.

CwIN? (TeV=2)
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EFT interpretations

OPERATORS AND PHYSICS IMPLICATIONS

SMEFT 1 1
o /
Lagrangian L = Lygu+ 1 L5+ A2 £6 A ——Ls + + 13 ——L7 + A £8 +.
SL#0 8 B#0 SL#0
Operators O, i(6D,0)(ir7"br) +he. O i(GLo* tg) 6B +he.  Ogy i(¢’2u no) (@' 'a)  Oh,  (GLyear)(aLv"ar)
O  (0'¢)dLtrd +hec. O i(qLo™ X" tr) 6Gy, +he. O i(6!Dyo) (L qr) O (T ar)(@""T"qr)
Couplings ¢ t t t t t ¢ t ¢
S H z
& ]%/\/w W t// ﬁﬂﬂ t/&"’" t/('w’) : ><l/ t >< ¢
processes
L 3
| ) |
XV, K\;’\i/ VR AVEERVAVEVZ 2 quarks + bosons
q t «a q t q qa b l w oTTTT E‘ 0TTTT ?' oTTTo— Operator Definition Lead processes affected
o ) 4 ij T
W " boeeeneans H w 7 M V/ AAAAAN 7 AMAAAAN T < iolz(l'%) q;u ]‘P (¢'9) tfH/ tE'Iq o )
T e\t b % L o b % ; N ¢ . . l Oquf (p* E} }‘(p)(q 'q;)  ttH, ttly, ttll, tHq, tl{q
TETTT—>— TEOTO—>—  TTEOO+—>— VOO0 +—>— o:;g/) (¢t 1D ‘P)(q e q]) ttH, ttlv, ttll, tHq, tliq
P zed 2 O,%) (ot D u®)(Wiytuy)  ttH, ttly, ttll, tliq
rametriz = i tH, 111
:eZic:ifanse N(E =5y + 251 il + 252 + ZS L i Sk to%l) (¢"iDy)(Wiy"d;)  ttH, tllq, tHq
P A2 0 i A2 i A4 3k A2 A2 1o (qot'tla)) gW1, tEH, tilv, t1l, tHq, tiq
io;’{,z, (qo*vT'd;) gW!,  tEH, tlI, tHq, tllq
1oll)  (qe*u)§B,, tEH, tilv, till, tHq, tliq

10l (qe*TAu) ¢G4, tEH, tElv, tEll, tHq, tllg

2 quarks + 2 leptons

Operator Definition Lead processes affected
O (g (ger'q,)  tily, e, tlig

O&;’kl) (78 (g tlq,) ttlv, tll, tllq

oW () (meyre,) il

ol (Ente)@ara,) g
U (e (@etu,) il

10}2’4}3) (?iej) € (qeuy) ttll, tllq

10%2’5) ([i‘ﬂwej) € (quWUg) ttlv, ttll, tliq

Sept. 2021 Maria Moreno Llacer - Top quark & EW physics (IMFP21, Benasque) 63



ATLAS+CMS Preliminary

LHCtopWG

i oy = 12,02 (scale) fo

: JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2L.SS/3L, 139 fb”!
EPJC 80 (2020) 1085

ATLAS, 1L/2LOS, 139 fb ' *
ATLAS-CONF-2021-013

ATLAS, comb., 139 fb™'*
ATLAS-CONF-2021-013

CMS, 2LSS/3L, 137 fb™
EPJC 80 (2020) 75

CMS, 1L/2L0S, 35.8 fo'!

Run 2, Vs = 13 TeV, May 2021

I : : 5
k T 1

tot. stat.

Gy T 1ot (stat. +syst)

Obs. (Exp.) Sig.

JHEP 11 (2019) 082

ﬁ{'g%&)\%CMS Preliminary Vs = 13 TeV, May 2021 *Preliminary
t oy, =059"01scale)+ 0.01(PDF) pb : o, =0.86; (i(scale) + 0.02(PDF) pb Oy X 20 = 0.038" 0 5%%(tot.)pb x 20 Gy, = 0.77£ 0.14(tot.) pb
Eur. Phys. J. C 80 (2020) 428 :  Eur. Phys. J. C 80 (2020) 428 JHEP 10 (2018) 158 Madgraph5 + aMC@NLO
NLO(QCD+EW)+NNLL NLO(QCD+EW)+NNLL NLO QCD NLO QCD
Omeas. * (stat.)+ (syst.) oS4 ; .
0.87+0.13+0.14 pb — — ATLAS, L _=36.1 1"
fiw Phys. Rev. D 99 (2019) 072009
0.77 1412 *3iepb — — CMS, L =359
JHEP 08 (2018) 011
0.99:+ 0.05+ 0.08 pb P ———t— ATLAS, L, =139t
ﬁz arXiv:2103.12603 ;
0.95+ 0.05+ 0.06 pb ——e——i—i CMS, L|m= 77.5fb
: JHEP 03 (2020) 056
fEy-+tWy 0.0400.001 352 pbx 20 - ATLAS, L, =139 10", Vis 1
} ; JHEP 09 (2020) 049
tty 0.80+ 0.01% 0.05 pb io—i CMS, L =137 b, Vis2
: CMS-PAS-TOP-18-010*
1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 | 1
0 0.2 04 0.6 0.8 1 1.2 1.4
Gy [Pb]

*Preliminary

H—a—H 2470(5"%)fb  43(24)c
12677(8"°)fb 1.9(1.0)0

H—v—t 24*1 (4jj) fb 4.7(2.6) 0
— 126725 fb 26(27)¢c
- - 0 fb 0.0(0.4)c

O

[fo]

100
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