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Top + boson (W, Z & v) measurements

@ probe electroweak couplings of the top quarks to bosons / \
— indirect searches for the BSM physics Hige |
— sensitive to new physics — EFT interpretations \ '

@ are important for several BSM searches & SM measurements (ttH)
Top
<> top + boson production as irreducible background :

© can improve MC modelling — differential measurements

Top Quark P ion Cross ion Meast Status: April 2024
. = rare processes
8 ATLAS Preliminary Theory
b 10 Foro [Run123 ¥5=57.813,136TeV 7 BUT: full Run 2 dataset available
v
. T @ e = precise measurements possible
10 - ~a B
T o oo Newer ATLAS results:
LHCpp Vs=13TeV -
100 F 'I Bl 0aa 52140 E tqy & Ac(ttX)
Vs=1 g -
= R oo ttZ
1 b ] ttW
o o -
. B = tty
a 4| . - -
101 F “ o 1 Common characteristics:
B — focused on leptonic final states
B oML techniques
102 g 3 . . .
S . Wt lew gz n © © 2|4 — profile-likelihood approach
chan cchan o, jets e ¢
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tqy & Ac(ttX)



» Phys.Rev.Lett. 131 (2023) 181901

t-channel with v emitted before or after
top decay

— tq7y observed with significance of 9.30 =
first observation of tqy

< CMS: evidence with 35 fb~?
» Phys. Rev. Lett. 121 (2018) 221802

T

T
ATLAS
V=13 TeV, 130 1"
2 1SR
Postit WMo,  EOterprompt s

Parton-level fiducial cross section: :
(t(— £vb~v)q as background) ,Aﬁy;e;amymebpm

Events

Otqy X B(t — fvb) = 688 £ 23 (stat.) *73 (syst.) fb J

MADGRAPHS5 AMC@NLO:

QCD+EW NLO _ 1436
tary =515T, fb

Data / Pred.

0.
0 01 02 03 04 05 06 07 08 09 1
NN,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.181901
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221802

— enhanced compared to tt
(larger fraction of qg initiated processes)

<« first Ac(ttX) measurements:

@ tty charge asymmetry
» Phys. Lett. B 843 (2023) 137848

— Afg extracted from
unfolded |y:| — |ys]
distribution

@ ttW charge asymmetry

» JHEP 07 (2023) 033
— AZC extracted from

[ne| — |nz| distribution

at detector level

Lucia Keszeghova

L e e e e e e e e B LA B s s e

ATLAS
Vs=13 TeV
----theory prediction
theory uncertainty

~ +stat.  +syst.
A(tf)  -0.0068 +0.0010+ 0.0010
JHEP 08 (2023) 077 [139fb]

A'(ff)  -0.0054 £0.0012 £ 0.0023
JHEP 08 (2023) 077 [139 ]

Ag(tl])_=00430£00140£0.0143
in
EPJC 82 (2022) 374 (139 6]

I:‘ statistical uncertainty
D stat. @ syst. uncertainty

Ac(ﬁy) =-0.003 + 0.024 + 0.017
PLB 843 (2023) 137848  [139b)

A'(ttW)/10 -0.012+0.014 + 0.005
JHEP 07 (2023) 033 (139 1]

-0.14 -012 -01 -0.08

-0.06 -0.04 -0.02 0 0.02
Top asymmetry

> arXiv:2404.10674

LHCP Boston 2024 5/21


https://www.sciencedirect.com/science/article/pii/S037026932300182X
https://link.springer.com/article/10.1007/JHEP07(2023)033
https://arxiv.org/abs/2404.10674

tt/
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> arXiv:2312.04450

— refines the previous ATLAS ttZ analysis
» Eur. Phys. J. C 81 (2021) 737

< the same dataset, but multiple improvements:

@ 2/ channel included
@ improved methodology

@ precision recommendations

Analysis strategy
< signal-background separation with NN
@ 20 & 4¢: binary
@ 3/: multi-class

@ NN output used for definition of regions

< main backgrounds:
@ 2¢: data-driven tt, Z + c/b from the fit
Q 3¢ & 4¢: WZ & ZZ control regions
© fakes: Fake Factor method

@

<
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https://arxiv.org/abs/2312.04450
https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4

> arXiv:2312.04450

ASAALAMAM R R R LA M A
1600F- ATLAS

g 5=13Tev, 14mn“:;an‘; Ifb E
< 24, 3¢ and 4¢ decay channels v e mae W
1200 Post-Fit MFake leptons [Other
< simultaneous profile-likelihood fit to NN outputs in all regions 10007 » E
—a E
sool 8 g E
oz = 0.86 £ 0.05 pb = 0.86 & 0.04 (stat.) £ 0.04 (syst.) pb ) = — . E
200~ i- —
— relative precision of 6.5% FI W””’“’“W%
. ) ) CE N R N TR T A TR !
< 35% improvement with NN, 2¢ & latest systematic -
recommendations F R
o 40 E=13Tev, 1407 miw WG E|
. E nzaL WWz:b  EWZec 3
—> systematic component reduced by 50% “OF smaLuz Wz Wz
350F- Post-Fit Wzz+c Wzz+jets -
. E Wzq wz
— leading systematics: background normalisations, jets 4 EMiss o Wreonemrmmr 3
. -Other 77 Uncertair
and b-tagging a00f- froner e 3
1s0f-
< in very good agreement with NLO+NNLL+EW SM prediction: 109

oz = 0.8679% (scale) £ 0.03(PDF + as) pb

» Eur. Phys. J. C 79 (2019) 249

Data/ Pred.

1.
WW%WW %
0.9

01 02 03 04 05 06 07 08 09 1

DNN-TZ output
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https://arxiv.org/abs/2312.04450
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z

> arXiv:2312.04450

— profile-likelihood unfolding in 3¢ & 4¢ channels
— 17 observables sensitive to EFT operators & MC modelling
— regularisation used for variables which require reconstruction of hadronic top
— both particle & parton-level and absolute & normalised measurements
— all measurements statistically limited
<3 full likelihoods available » 10.17182/hepdata.146693.v1
- T T T T il = 20| T T =
3 001-ATLAS o Data — = ATLAS o Data E
9 [ Vs=13TeV, 140 fb* --.MG5_aMC@NLO+Pythia 8_| 8 E’b 18 (=13 TeV, 140 b --.MG5_aMC@NLO+Pythia
_chf L 3L+4L - -Sherpa 2.2.1 (incl.) Bl © 16 3L+4L - -Sherpa 2.2.1 (incl.) =
o 0008~ - Sherpa 2.2.11 (multileg) ] - - Sherpa 2.2.11 (multileg)
o L Stat. uncertainty ] 14 . Stat. uncertainty =
0.006; I:ﬁ W Total uncertainty B 1) W Total uncertainty 7;
L le 1 -
[]i= ] El
0.00455] 1 . E
L '-51 ] —
0002~ Loy A E
[ e ] B
L 7l-.~| 4
g oo .
o "0 7100 200 300 400 500 600 700 800 900 1000 o "0 0.5 1 15 2 25
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https://arxiv.org/abs/2312.04450
https://www.hepdata.net/record/ins2744513?

> arXiv:2312.04450

< for the 1% time ttZ events used for extraction of tt spin correlations from
angular distributions

angular distributions averages in 3/+4¢ — the coefficients of spin density matrix
low stats in 4¢ — non-zero coefficients obtained from detector-level template fit
each observable O fitted to linear combination of spin-on and spin-off hypotheses:

O = fSM . Ospin—on + (1 - fSM) : Ospin—oﬁ

red

_ 1 for SMoike correlations SM-like template 7 spin correlations

= 0 for no correlations

< fsu values combined with profiled x2-fit:

£9be = 1.20 + 0.63 (stat.) + 0.25 (syst.) = 1.20 & 0.68 (tot.) J

< spin-off hypothesis rejected with significance of 1.8c
— statistically limited
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https://arxiv.org/abs/2312.04450

> arXiv:2312.04450

< 20 dimension-6 SMEFT operators considered ATLAS Quadratic (marg)  ®  Global mode
= 1 — Lir . —— 68% Cl
(top-boson & four-quark) FOEL ) ok - 95% Ol
— input: normalised particle-level differential (Top-boson operators ‘
distributions RICw— -
< linear and quadratic fits T
SlCul— B
< inverse covariance matrix rotated into the *
space of the Wilson coefficients — Fisher Rl e _
information matrix — sensitivity to directions
in the space of Wilson coefficients siCall- _
.
. . . . . RCal |
ATLAS - —— Linear (marg.) —— 68%Cl -
Vs =13TeV, 140fb o Globalmode - 95% CI
SMEFT A=1TeV °
SlCell- B
—_—
T3 7 Cup——— m
——
Bl ———— | ol
= = - HQ| ——
(Credible intervals for Fisher-rotated fit)
Ty o —: — i
1 [ b
-1 0 1 2 3 4 S -10.0 -75 -5.0 -25 0.0 25 5.0 75 10.0
CIN? [TeV-3 CIN [Tev-2]
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https://arxiv.org/abs/2312.04450

tt W
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» JHEP 05 (2024) 131

— demanding process for modelling:

@ polarisation of initial-state quark if W as ISR
@ charge-asymmetric production
@ complex higher-order QCD and EWK corrections

< previous ttW measurements: higher cross section than
SM prediction!

Analysis strategy

< final states with 2 same-sign (SS) or 3 leptons
— channels split into signal regions based on lepton charge, lepton
flavour, Njets & Np_jets
< main backgrounds:
@ fakes suppressed with BDTs
@ ttZ: Z mass criterion in SRs
e ttZ, diboson & fakes: dedicated control regions
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https://link.springer.com/article/10.1007/JHEP05(2024)131

» JHEP 05 (2024) 131

ow = 880 £ 50 (stat.) £ 70 (syst.) fb = 880 £ 80fb E o By S ot
208S(++) [DOther

Penctn
< 1.40 deviation from NNLO QCD + NLO EW prediction
» Phys. Rev. Lett. 131 (2023) 231901

T T T T T T
ATLAS Bl ATLAS- this result
/5 = 13 TeV, 140 fb! 2 CMS (JHEP 07 (2023) 219)|

Stat. + Syst. Stat. only

Data/Pred.

8 NLO+NNLL e

-®- Sherpa —e— . i

o FxFx ————| [ ATLAS ]

NNLO 400— 5=13TeV, 140 fo" B

1 1 1 1 1 E E

400 500 600 700 800 900 1000 = 350~ ]

o(ttw) [fb] s f ]

'% 300? -

< strong charge asymmetry due to the asymmetry in the r ]
valence quark PDF — 0,7+ & 0,7~ measured as well 280 —fa—Ser . =
E o B W

s esom e 1

R(ttW) = 22wt — 1 96 + 0.21 (stat.) & 0.09 (syst.) J 200 e .
Y= 400 450 500 550 600 650 700 750 800

(W) [fb]
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https://link.springer.com/article/10.1007/JHEP05(2024)131
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.231901

el

» JHEP 05 (2024) 131

six observables sensitive to MC modelling or NLO corrections at particle level

unfolding to fiducial regions split by lepton multiplicity & charge
also normalised differential cross sections & differential charge asymmetry measurements

dominated by statistical uncertainty

0.8F — T T T T T T T T T T T T T T T T
) ® Data, Stat. W Total unc.

Y —
ZE ATLAS Sh == aMC@NLO+Py8 (FxFx)
5 07F 13TeV, 140fb" - aMC@NLOWPYB (incl) =& Powhog+Py8
3 IW* Particle Level —¥— PowhegsHu?
o 06F — E
© I 1 i
© | — 1 [
= 05F v | L E
- ==, ! ©
0.4F = 1 - E
' ' ® —
i I
I
|

03F E§E=§= e

Prediction
Data

2ISS++ 3l+ 2ISSs-- 3l
Particle-Level N

jets
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https://link.springer.com/article/10.1007/JHEP05(2024)131
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> arXiv:2403.09452

— focused on tty with v from production - .
@ = tt~ production tt~y production

@ ~ radiated from initial-state parton or off-shell top

@ sensitive to tv coupling

@ measured separately from tty decay

(not measured before)

Analysis strategy

— single-lepton and dilepton channels

<> NNs used for background suppression
@ multi-class in single-lepton
@ binary in dilepton
— main backgrounds:
@ tty decay dominates, separated with NN

@ misidentified photons (e — «, hadron — )
— data-driven estimates

© lepton fakes — matrix method
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https://arxiv.org/abs/2403.09452

> arXiv:2403.09452

< extracted from signal and control regions defined by NN o s
1600fSingle lepton awzmv Eg:::a: E
outputs ke

Events /0.1

— particle-level fiducial phase space

O 2 production = 322710 fb = 32245 (stat) £15 (syst) fb J

§
:E 0.
<+ tty production measured separately for the first time st asen
e L
< relative uncertainty of 5.2% S .‘ai:p.m’ sy Wy
1600[-SR Mefakey [JOther y E
o o

— systematically limited: tty modelling, tty decay
normalisation, jets & b-tagging

— slightly higher than the MaDGRrAPH5 AMC@NLO prediction
gbroduction _ 99912 (scale) 7, (PDF) b

tiy

Data/ Pred.

01 02 03 04 05 06 07 08 09
NN output
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https://arxiv.org/abs/2403.09452

> arXiv:2403.09452

< observables sensitive to ty coupling unfolded to particle-level

— both absolute & normalised measurements

— performed separately for tty production and combination of tty production + decay
< total uncertainty varies from 8% to 20% in combination & single-lepton

— dilepton channel is statistically limited

E 250 T T T T T =] § T T T T T T ]
; ATLAS ) » Data i 5= « Data -
= {5 =13 TeV, 140 b —MG5_aMC+P8 ] T {5 =13 Tev, 140 fo"' —MGS5_aMC+P8
8|z pgof_ Single lepton ---MG5_aMC+H7 - B - MGS_aMC+H7
4 Stat. uncertainty | I Stat. uncertainty J
g I Total uncertainty 1 [ Total uncertainty ]
150 [—— . 1
— E .
— 1 ]
L ] ]
100 — E
] ; E
50, . ]
1 1 1 1 1 ] L 1 1 1 1 - ]
o 14 g 14
(=] [=]
9 12) =1 12)
gE B
Bo o B 8 o 1
ol 0.8 o 08
0.5 1 15 2 25 3 05 1 1.5 2 25 3
AR(rb) AR(L)
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https://arxiv.org/abs/2403.09452

< ttvy is most sensitive to C;g & Cyy EFT
operators (linear combinations of Ct~ & C;7)

limits set from p% distribution

ttZ is sensitive to C;g and Cyyy as well = also

combined EFT interpretation with the refined

ttZ measurement
unfolding of p% & p%)

> arXiv:2312.04450

(simultaneous

- T T
‘3 125 ATLAS 68% Cl (comb.)
= F Vs=13TeV,140fb™" W 95% Cl (comb.)
o 100f SMEFTA=1TeV 4 Global mode
< F +  Standard Model
S F 8% Cl (ti2)
= 75 - 95% CI (fi2)
F m 68% Cl (ffy)
5.0[ E 95% Ol (ffy)
25
0.0F
-2.5F
o I I R B
-10 -5 0 5 10

Lucia Keszeghova

RICy JIA? [TeV2)

do -1
&, [fb x GeV

T
ATLAS

Vs =13 TeV, 140 fb"!
| Single lepton + Dilepton

-1m ‘: =-1.
Stat. uncertainty
I Total uncertainty -

R(Cw)

SlCw]

RCisl

SICel

50 100 150 200 250 300 350 400 450 500
P (v) [GeV]
T
ATLAS :
VS =13TeV, 14016 — fyony
SMEFT A=1TeV — fy+tz
*  Global mode
Global quadratic fit, marginalised — 68%Cl
95% CI
L S — -
L — i
= —_ —
L — i
o e e e e
- -1 1 2
CIN? [Tev-?]
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https://arxiv.org/abs/2403.09452
https://arxiv.org/abs/2312.04450

< top + boson inclusive xXSec measurements reached precision regime:
@ ttZ: 35% improvement with the same dataset
@ ttW: theory moving closer to experimental results

© tty: production measured separately for first time

FEREEN o, 086"

- i + i oy, 0%
ATLAS+CMS Preliminary S paL1n o2y 21901 EPiC 80 (2020) 428 2| MadGrapns aMCONLO
LHCtopWG $ NNLO(QCD)+NLOEW) NLOQCDEW)+NNLL : mooco
s=13TeV 0y 3700%BMOU X3 E oy, x20=0038 58i(01) pb x20 03, %5=015£003(0t) pb x5 W6, =077 0.1400) o
X $ WadGraphs_aMCONLO e 10 Gog 158 WadGraphs_aMCENLO © [——
April 2024 i moaco  moaco i nooco i |nooco
wa s
O_ ...+ (stat) + (syst.
0.8 07 pb ATLAS, L =140 fb

anv2401,05299
oM, L, = 1380 "
JHEP 07 (029) 218

fw

087 £0.04 £ 0.05 pb {
0.86 +0.04 £ 0.04 pb —i—t ATLAS, L = 140
- r k2312 08450

174 g -
0.95  0.05 + 0.06 pb o I oM, L= 77510
i IHEP 03 (2020) 056

cMms, L, =138 b
CMS.PAS.TOP.23.004

8 ATLAS, L =140 fb, Vis 1
tfy prod. i+jets & dilepton | 0-322 * 0.005  0.015 pb x 3 D —— Jnios

y+HWY e 00396 £ 0.0008 '35 pb x 20 [E-— ATLAS, L, = 130 ", Vis 2

fiZ+HWZ 1.14 +0.05 + 0.04 pb 8 ——i

IHEP 09 (2020) 045

0.175 +0.003 £ 0.006 pb x 5

1y dilepton

- 8 CMS, L, =137 o™, Vis 4
y tjers 0798 0.007 £0.048 pb (=)
P M Ll Ll | P IR R

0.2 0.4 0.6 0. 1.2 14 1.6
N

— top + boson differential xSec measurements are mostly statistically limited
— first EFT interpretations in ttZ and tty measurements
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> arXiv:2312.04450
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https://arxiv.org/abs/2312.04450

> arXiv:2312.04450

Uncertainty Category

Aoiz/owz [%]

o7 [pb] Relative uncertainty [%]
Theory > Eur. Phys. J. € 79 (2019) 249 08697 (scale) = 0.03(PDF + as) ~ 10 Background normalisations
Previous analysis 0.99 + 0.05(stat.) + 0.08(syst.) ~ 10 Jets and E7"
b-taggil
Combination (2¢ + 3¢ + 4¢) 0.86 = 0.05 pb — 0.86 = 0.04 (stat.) = 0.04 (syst.) ~65 tageing
ttZ pr and pg scales
< Dilepton 0.8440.11pb = 0.84 £ 0.06 (stat.) = 0.09 (syst.) ~13
Leptons
< Trilepton 0.8440.07pb = 0.84 £ 0.05 (stat.) = 0.05 (syst.) ~ 8.4 Z.+jets modelling
<»Tetralepton 0.97 913 pb = 0.97  0.11 (stat.) = 0.05 (syst.) ~13 HWZ modelling
ttZ showering
tiZ Al4
1
Channel Variables Diboson modelling
2 modelli
’ fnon—Z2 PDF (signal & backgrounds)
3¢ Niets, Hr, |AG(Z, tiep)|, [Ay(Z, tiep), T MC statistical
L + - Other back; d
a0 Njetsv H , \Aqﬁ(lt ’ZE )l er backgrounds

3¢ + 44 unregularised
30 + 4¢ regularised

, cos Oy

p%. Iy?
|A®(tE, Z)|, mT, mZ, pt, pf, |y

Lucia Keszeghova

Fake leptons
Pile-up
Data-driven tt

2.0
19
17
16
16
15
11
1.0
1.0
1.0
0.8
07
0.6
05
05
0.4
03
0.1
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https://arxiv.org/abs/2312.04450
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z

< 0: the polar angle of the charged lepton or
down-type quark from t/t with respect to one of
the three axes (k, n, r) in tt rest frame

< : the opening angle between (=(F /(s

Distribution Channel  Expected values  Observed values
s 3+4r 155 —0.0014%
cosf; - cosO; 30440 1718 L1748
cos ) - cos O, 30+40 197 139717
cosf, - cosb, 30+40 1118 ~1.0542%
cosf; - cosf +cosf; -cos 30+4l 1L 0.36°5%
cos 30440 1719 1.56+10
cosf,” 3040 174%R 181755
cos O 30+40 1S 200115
costy 3040 1% 231°1%

Fisher information matrix
A ATLAS /s=13TeV, 140 fb~!
0.01 0.23 -0.15-0.13 -0.10 -0.42 -0.15 0.06 -0.13 -0.05 -0.33 -0.08|

8 |-0.41 0.04 -0.02-0.34 0.27 0.18 -0.12-0.57 -0.22 -0.05 -0.22 -0.05 -0.39 -0.12| 0

0.51-0.07 0.06 -0.01 0.18 0.04 -0.33 -0.07 0.13 0.04 -0.68 -0.42 -0.11 0.08 -0.41

® & @

SPGB F s b b S S

Four-quark operators

)

o

)
4

b

o)

)

o

e
o8
e
o

9

o3

o

ATLAS Quadatc (marg)  ®  Global made
US-13Tev 1ok —— Lnear(marg)  — 8% Cl
SNEFTA-1TeV — Quadeatc (ndp) 9%l
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-
L N R R R
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https://arxiv.org/abs/2312.04450
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» JHEP 05 (2024) 131
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https://link.springer.com/article/10.1007/JHEP05(2024)131

» JHEP 05 (2024) 131

Ao (tIW)
) Le]
T T T T ttW ME modelling 6.0
. Prompt-lepton bkg. norm. 3.1
ATLAS - ATLAS - this result Leptol; isjlation I;gDT 23
{S=13TeV, 140 b % CMS GHEP 07 (2023)219) Fakes/VV/17Z norm. (free to vary) 23
Stat. + Syst. . Stat. only Nqn-prompt—lepton bkg. modelling 2.0
Trigger 19
- MC statistics 15
7 +iW PDF 15
-#- Sherpa g Jet energy scale 13
- FxFx Prompt-lepton bkg. modelling 1.3
Luminosity 0.9
NNLO Charge Mis-ID 0.7
Jet energy resolution 0.5
1.2 1.4 1.6 1.8 2 22 FIT;"O“T tagging 0.4
+ tiW PS modelling 0.4
o(ttW")/o(ttW) tiW scale 0.24
rel __ _ Electron/photon reconstruction 021
A% = 0.33 £ 0.05(stat.) & 0.02(syst.) = 0.33 £ 0.05 Muon 0.15
Eiss <0.10
Differential variables: Pllewp : <010
jet lep Total systematic uncertainty 8
— Njets. HT ’ HT ’ ARZb,leady |A¢)M,SS| & |A77££,SS| Statistical uncertainty 5
Total 9
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> arXiv:2403.09452
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https://arxiv.org/abs/2403.09452

> arXiv:2403.09452

A7y production/ P17y produetion (70)

Both channels

Dilepton channel

Source Single lepton  Dilepton  Combination PT ('}’) AR (7, 61 )
Statistical uncertainty 18 33 L5 [n(y)l AR(y, &)
MC statistical uncertainties 15 15 1.0 AR(Y, O)min |AD (¢, €)|
Modelling uncertainties AR(Y, b)min At;( ¢ ’ 0)
11y production PS uncertainty 24 3.7 09 AR (f, ] )min ( f, f)
Other 7y production modelling 5.1 16 3.0 pT(.]l) prit,
1y decay modelling 03 13 0.8
1y decay normalisation 24 3.1 2.1
Prompt photon background normalisation 15 20 2.0
Fake photon background estimate 0.8 15 1.6
Fake lepton background estimate 04 - 0.1
Other Background modelling 0.7 0.2 0.5 g ATLAS | T T T T
- — £ oE Sabiaren Bitpon
Experimental uncertainties £
Jet uncertainties 35 3.0 1.7 Tga
B-tagging uncertainties 26 21 1.0 %
Photon 0.5 15 0.8 =
Lepton 13 14 13
Efis 0.3 04 04
Pile-up 03 0.7 0.5
Luminosity 0.8 10 0.8 - s
Total systematic uncertainty 76 7.1 50 T e s e g
- EQNN TR R A
Total uncertainty 7.8 7.9 52 p, (1) [GeV]
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