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Top quark working group in ATLAS

Properties

» Heaviest elementary particle
» Measurements on

~ Mass (direct / indirect)

- Spin (polarization...)

> Couplings (Yukawa...)

Top+X

» Top quark processes with
associated particles (ttV,ty,...)
» Background to Higgs and new

Physics
~ Test SM and BSM theories!

Modelling

»MC generators
» Precise predictions are crucial
»reduce MC related uncertainties
- b-fragemntation
-~ color reconnection

Cross-section

> Production cross-section
- Single, pair, triple...
even four! - In this talk!
> Inclusive / differential
» Strong and electro-weak prod.
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NeW!
Inclusive & differential tt production cross-section measurement

> Full Run2 dataset at Vs = 13 TeV used Log-Likelihood Fit
> Dilepton events selected N} = Loy G 26, (1 — 6,05) + N g
) . : : 2. :
Exactly one electron & one muon N3 = Lo;Gy,, (6) Cp + Nj i

+ Exactly one or two b-tagged jets _ .
» Simultaneously determination of €5 and oyt

T T T
. Qata

» Minimal level of background

Events

600~ ATLAS = -
[ ep opposite sign mm Single top ]
L mm Mis-ID Ieptons
500— Vs =13 TeV, 140 fb" Z > T+ jots -
= = :_._,_°_ (S)ttgte g Systerror -
Inclusive cross-section s ]

400— _:

300— —

o = 829 £ 1(stat) £ 13(syst) & 8(lumi) & 2(beam) pb

> New luminosity measurement helps with incredible precision
-~ relative luminosity uncertainty: 0.83%

> This result shows strength of LHC as a precision machine

arXiv:2303.15340 Number of b-tag_ged jets
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NeW_I
Inclusive & differential tt production cross-section measurement

“Differential measurement Log-Likelihood Fit

> In eight lepton kinematic variables, i o i i i i
four double-differential distributions ﬁattG 26b (1 o ebe) T Nl,bkg

» Bin-by-bin unfolding procedure EUtth (62)2 Cp + NZi,bkg

\

J

> Full Run2 dataset allows for wider range and finer granularity

> T amas T H.ID'atIaHH S % —  AmLas | ' I,'Dat'a' oo .
9 10° (5o g . = O 10° &= - 4 - - aMC@NLO+Her7.1.3 aMC@NLO+Pythia8 —
5 E Vs=13TeVv, 1401b aMC@NLO+Her7.1.3 3§ 3§ = Vs=13TeV, 140 fb @ . Y E
=, F -.. Powheg+Herwig7.0.4 3 & = - Powheg+Her\A_/|g7.0.4 =+ Powheg+Pythia8 (rew.) 3
o !'.!.. m = - -- Powheg+Pythlg8 B Stat error ]
8 ey --- Powheg+Pythia8 = e} L .- Powheg+Herwig7.1.3 Stat @ Syst error |
B - Lo --- Powheg+Herwig7.1.3 - S
© H f o _+ 10 = ——
. - - 102 @ aMC@NLO+Ryth|a8 ] _g. = @ - I 00 3
E i --- Powheg+Pythia8 (rew.) 3 — = :‘." | e w gt ]
> Discrepancies with - - - Pouneg: - J e : g
- - C . Stat @ Syst error i § 10 & ; 1 *r.‘ ) _
predictions from . L k = R | =
= H — - : 1 1 -]
several NLO event- - E - ; | | .
B bone e ssrgnrcarne ] Te- i | | =
generators B ] = : | | =
| L 1 | | -
= i = { | .
- g Lo AT Bt bl A B '10*1 —— 1 —
> need more refined T Erene . F
" " T T T T (o] T T T T T T T T T T T ]
theoretlcal mode”lng § 121 ' ! ' '.':'.-T:l-;._'-_'.-'.';.t-:-t.':'%-"‘“'"'“t”"j:'r""':':? 5 1.1 I : a0 spi“l<eseev ‘ : w0 < P l1ooee\{:.. =
B 1 ol i (\J 1 £
© osh B0 T00 T 0200 @0 300350 = 0-90 S I /- S (:J B E—
. T T
arXiv:2303.15340 Lepton p._[GeV] 80™p2
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B New,
tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV "

» First Run3 measurement
— 11.3 fb"! data collected
in August 2022

> Events with an opposite-
charge lepton pair and
b-tagged jets selected

| Data/Pred.

Events/ 12 GeV

Systematic uncertainties

3
ATLAS Preliminary e Data o 107 ATLAS Preliminary e Data
Is=13.6TeV, 11.3 0" B 2 oherp Q 107 = Vs=136TeV, 11.3fb" i Powheg+Pythia 8
66 <m, <116 GeV 277 Uncertainty — 10° — - BligglseoTnOp W-chan
ML * E 10° eu pp —> tt -%/Iigthleptons
pp — Z/'Y § 10* 7//Unceertrgﬁ1ty
e
10?
10
- R IR LS - I -l | ' ' i} =
SR, & WWW%WW/{{/%//%%%
—E9 700 180 200 2o 30 S 50 100 150 200 250 300
Leading lepton P, [GeV] Leading lepton P, [GeV]

> precise measurements of luminosity (2.2%) and in-situ calibrations for leptons and jets
> But still: measurement already limited by systematic uncertainties

> absolute cross-section measurements limited by luminosity uncertainties
and lepton efficiency uncertainties

> uncertainties partially cancel for ratio =& (e.g. luminosity)

oz ATLAS-CONF-2023-006
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B New,
tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV i

Profile Likelihood fit
-
Ny = Loygee,2€, (1 — Cpep) + kag

\NQ = Loyee, Cpe + NY<8 ofid: = 751 4 0.3 (stat.) & 15 (syst.) & 17 (lumi) pb

o = 859 + 4 (stat) £ 22 (syst) & 19 (lumi) pb

ATLAS Preliminary
— — 1 Vs=13.6TeV,11.3fo"
Rtt/Z - 1.144 :t 0.006 (Stat.) :t 0.022 (SySt) :t 0.003 (luml) WIN  data + stat. + exp. * lumi. +——@——— combined result
I data + stat. + exp. F——-&=--=+ theory prediction
I data + stat. rtainty
g 103 — T T T T T T T T T T T T T T T T T T T =
_ i ' [ ATLAS Preliminary ] Data 2022 e
> cross-sections $ o p ATAS Proimr :
. 2 SR 4 |
simultaneously extracted Bl esedies -
@ - 4 PDF4LHC21 || k- Am
o ® combined 1715 GeV
. . = B o Vs=13.6TeV,11.3f" | PDFALHC2 . e,
> results in agreement with | ¢ fE- 13TaV, <1091
3 Vs=8TeV,20.20 PDF4LHC21 A AN
. . E 102 - Vs=7TeV, 46 ! — m=1735 GeV
SM predictions : o= sa Ty 0261" ] O | - —
B === NNLO+NNLL (pp) u =1725 G
- Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 4 | ectiea 0 | ey
ATLAS-CONF-2023-006 m=172.5 GeV, PDF+ o, uncertainties from PDFALHC21 %5 ov *
B T —— NeHTEL, S
S 1.1 = PDF4LHC21+scale PDF4LHC21 {8 QCD scales only 3
T E E NNPDF4.0 A
#1 05 —; my=172.5 GeV
(1
%00 aoasge | —
£0.95 < - = e
g 09 ' I ECAL
© b . . v ..oy 1 1
o4 6 8 10 12 14 08 0.9 1.0 71 1.2 13 14 15
Vs [TeV] Rz
dortmund & Benedikt Gocke
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B New,
tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV i

Profile Likelihood fit
-
Ny = Loygee,2€, (1 — Cpep) + kag

\NQ = Loyee, Cpe + NY<8 ofid: = 751 4 0.3 (stat.) & 15 (syst.) & 17 (lumi) pb

o = 859 + 4 (stat) £ 22 (syst) & 19 (lumi) pb

. ATLAS Preliminary
Riz/7z = 1.144 £ 0.006 (stat.) 4= 0.022 (syst) = 0.003 (lumi) /5=136TeV, 11310 |
ata + stat. + exp. + lumi. +——@——— combined result
I data + stat. + exp. —-——k theory prediction
I dat tat. uncertainty
T e =
_ i ‘&= [ ATLAS Preliminary ] Data 2022 1|
> Cross SeCt|OnS é [~ ®ew+Dbaggedjets I
simultaneously extracted § 1 !blasgedets -
@ L +Jets 4 PDF4LHC21 [l ke Ammmmef
o = combined . m=171.5 Gev
- . = - Vs =136TeV, 11.3 b PDF4LHC21 - —— ——
> results in agreement with ¢ f5-13Tev < 1391
3 Vs=8TeV,20.20 PDF4LHC21 A AN
it £ el s=7TeV,46f"  — mi=1785GeV
SM predictions : o= sa Ty 0261" ] O | - —
- === NNLO+NNLL (pp) N \=1725 G
- Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 4 | criea | ey P
ATLAS-CONF-2023-006 m,=172.5 GeV, PDF+ o uncertainties from PDF4LHC21 %5 ov
= F e MSHIRey oA
S 1.1 = PDF4LHC21+scale PDF4LHC21 {8 QCD scales only 3 ! -
2105 E NNPDELS, —
2 : : s | e
] s Tl E . | B
» 5.02 TeV measurement in Run2done| g0 | .~~~ ' E ABMPIG,, .
i o4 6 8 10 12 14 0.8 0.9 7.0 T T2 13 T4 15
arXiv:2207.01354 Vs [TeV] Riz
dortmund & Benedikt Gocke o S :
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_ Ney,
Measurement of total and differential ffW/W/ cross-section e""'

» At LO in QCD ttW produced in gq initial states Event selection:
+ Large background for many analyses

Exactly two or three leptons

+ Excess in ttW events observed in

At least two jets
many analyses

At least one or two b-tagged jets
+ forward-central asymmetry measurable

> Full Run2 dataset allows first differential measurement
» Main backgrounds:
+ ffzZ/tty, VV and ttH
+ non-prompt leptons

+ charge mis-identified leptons

— 10 Control regions assigned M“{:

! :I:

..c;bQ

R}

ATLAS-CONF- 2023 019
dortmund & ATI AS Benedikt Gocke
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_ Ney,
Measurement of total and differential ffW/W/ cross-section e""'

Inclusive cross-section measurement

» Maximum likelihood fit ATLAS Preliminary —*— ATLAS- this resutt
> . el.: - : (s = 13 TeV, 140 fo —"— CMS (2208.06485)
Excess visible — within 1.50 in agreement with SM Stat + Syst. — Stat only
» Signal modelling and prompt lepton background e
uncertainties dominant o b
> relative uncertainty improved by more than factor 5 Sherpa N
compared to previous analysis
— 400 500 600 700 800 900 1000
o (ttW) = 890 &+ 50 (stat) 4= 70 (syst) fb S(1EW) [fb]
SUEIITY GBS Ebewn | v : Asymmetry measurement
2£SS(++) Dor?/}i;gnv .ggu Dg;e;r ] 400?— \s=13TeV, 140 b E

120} Post-Fit 7 Uncertainty

o (ttWT) = 585130 (stad:)'l'44 (syst) fb
o (ttW™) = 30112 (stat)_l_31 (syst) fb

o(ttw") [fb]
w
i

e ’ —t—gth[SHEP11(2021)029]_ R (ttW) — ]' 95+8 ié (Stat)tg:]l.g (SySt)

- 68%CL

8 1.2 2001~ — 95%CL ]

%ég /"‘"tﬂ*'*% P e e £ A S S S B T T T L. . L.

R e oW ] > Ratio in good agreement with prediction
Neg R uﬁ R Neﬁ R Ltg TR ATLAS-CONF-2023-019
dortmund & Benedikt Gocke e o :
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Measurement of total and differential #W cross-section

Differential cross-section measurement

> 7 Observables
> Profile-likelihood unfolding

» Systematic uncertainties impact through
modifications of the response matrix

NeW!

» absolute and normalised cross-section

measurements are performed

> Absolute differential cross-sections larger

2
1.8
1.6

do / dH' [fb / 20 GeV]

0.2

1
0.5]

1
0.5]

Data

1
0.5]

Prediction

1.4F
1.2F
i
0.8F
0.6F
0.4F o

1.5F

1.5

1.5

L 13 TeV, 140 o
b ttw* Particle Level

T T T T T
[ ATLAS Preliminary

|
50 135 185 245 305 375 50 119 165 225 300

2ISS

3l
Particle-Level H;' [GeV]

Prediction
Data

120 atLAS Preliminary —— zht . —A— TMtCI@NLO PY8 (FXFX) ]
L R erpa al +Py8 (FxFx R
[ 13 TeV, 140 fb" —— aMC@NLO+Py8 (incl) —E— Powheg+Py8 1
01 W Particle Level —o— Powheg+Hw7 7]
0.08F e .
[ | —— I | 1
[ (- I |
coof  HEL | == ==, =]
L]

[ — | O b i ° | ]
004 == == *ﬁz: 5= - *535
[ [ ! 7ﬁ g ]
0.02| ' ' ' .
- | - | -
[ | ] 1 1 | I | 1 | 1 I ||||| ! IIIII
1.5 T ko= — I E

B | I == O
1;_—'6—-‘°"_'Q—_79-__°.:°E\' -------- e :6;'--'_'6;;5;“0—*-{"—6—---'---*-0*—0'—“6——0—_1:
05F : | ] 3
15F Tz : } E
15_ 3 —ﬁ—ﬁ-ﬁ ...... :Z:.-..-.l.-.L4=H=_._:_‘9_:_';_Z_—_ ._,..ﬂ_.—esé
=i D e
i e
15F T e X 3

———— | —— 1 1

1bse=f------ i PepdooosoodohiEbagooosso0s M——n—w—d&e---aﬁ—u——ﬂe----
05 = g Bl : =
- E e 3

50 135 185 245 305 375 50 110 165 225 300 50 135 185 245 305 375 50 119 165 225 300

2ISS++

3+ 21SS-- 3l-
Particle-Level H;' [GeV]

than theoretical predictions
— consistent with inclusive measurement

» Theory calculations indicate that
disagreements are not due to
missing singly-resonant
contributions

> Future theoretical developments
(predictions at NNLO in QCD)
needed

» Run3 of LHC will provide more
data to further probe this
final state

d
u

ortmund ;?
niversity EAXPER”\ﬁNST
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New
Observation of four-top-quark production o

> new particles or forces could alter the

Event selection |
probability of producing four top quarks | =vent sefection

> Previous analysis found evidence (4.30) > exactly two same-charge leptons
for four-top-quark production or at least three leptons
» Many improvements implemented: > at least 6 jets — two b-tagged jets
+ Improved particle identification o o e
. < T ATLAS | ¢ pata | thl\N 1 & oo ATLAS ¢ Data it =
- lower PT reqwrements used Z 1601 {5 =13 TeV, 140 fb" it Wothers ] 1 [ (s=13Tev, 140fp" DIIW  EUZ
140i CRs+SB 77 Uncertainty B Y 50:_ gR{'lllzte =}—t|||-:|e =ﬁ/|oa\l:/.gcinv_ E
- data-driven background estimates P |80 B " By
- . . . ] > -« Pre-Fit N
for ttW, mis-identified or 100 1 " "z

non-prompt leptons

80F

+ Improved treatment of ¢ttt ~a

40F

* more sensitive machine-learning 20, -
technique used 5 O -
- bopdodd €
> revised set of systematic uncertainties g ‘%WW/W%//////; E A o
a 0 T a = 20 25 30 35 40 45 50
arXiv:2303.15061 N p: [GeV]
Sﬁﬁggﬂg ?&Eméé Eﬁgfﬂﬁﬁgggs) Highlights on top quark physics with the ATLAS experiment at the LHC 11
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Observation of four-top-quark production

NeW_I

Obs. -2A In(L)

Graph Neural Network S [amas | eoan | w1 » 95% CL limit set on
o o < 10*E Vs =13 TeV, 140 fo" [Jtiw Otz = ttt cross-section
icti i i 2 & i misID 3
> Used to distinguish signal S postr BVt conv. Ere
o 10°F Mlowm,. WHFL 3 = 100
> GNN output chosen as - Mowes = EE 1 % | anaS ow | P
observable in signal region 10° B IR e e 1
10 ? 605 I
Binned profile-likelihood fit A veoars |
N . 1 8 S
—3
> Cross section and ok — ] 200 17T
normalisation of backgrounds B o .t R 00—..‘.‘:;\...16 e, SN W
simultaneously derived SN UL 15 A X 'S e 4 1b]
> Signal generator choice and O 91 02 03 04 05 06 07 08 09 1
statistical uncertainties largest GNN score
source of uncertainties i
> Result 1.80 above of SM prediction Oriri — 22,5+6'6fb ATLAS Physics Briefing
LU —5.5 ATLAS observes the simultaneous
+ 1.70 above resummed calculation —— production of four top quarks
arXiv:2303.15061 6.10 significance!
dortmund & Benedikt Gocke L , - :
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New
Observation of four-top-quark production o

» I—OOking for Slg hts of new phySiCS Operators | Expected C;/A? [TeV ~2] Observed C;/A? [TeV 2]
— three interpretations done by (2.4.3.0] (3.5 4.1]
> Four heavy flavour fermion EFT operators OIQII [-2.5,2.0] [-3.5,3.0]
_ 0 [-1.1, 1.3] 1.7, 1.9]
> Top-quark Yukawa coupling 05, 4.2, 48] 6.2, 6.9]

> Higgs oblique parameter

9 ’ >
—~ C L e s > oy T T T T T [ T T T T | T T T T [ T T T T[] —
i’g 8 - ATLAS . ¢ 3 2'5: ATLAS — 68% CL (Obs.) ] _|g ?:'f
N = Vs=13TeV, 140 b * £ % [ Vs=13TeV, 140fb" —95%CL(Obs) ] |g g
7 E_ — Observed L < E 2 L parametrised -~ 68% CL (Exp.) - 7 C\'l
6F - Expected )\ t E - - - 95% CL (Exp.) E l
5E = Non-unitary regime ) 1.5 %X SM - —16 O
g 006060000" < t ST + Best Fit 1 19
4 - 95% CL =TT 1 4
35 ; 1 -3
2F 0.5 3 -2
ETEATNG e = - 1
Combemr™™l 0 | 3 . T T e 0 | L g | g
%005 01 015 02 b 05 1 15 2 25
arXiv:2303.1506 1 | %, cos(a)|
Sﬁ[&;”rgﬂs ?&Ek.n‘ﬁé I(?T’ngﬂfdﬁgggs) Highlights on top quark physics with the ATLAS experiment at the LHC 13
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Observation of single-top-quark production with a photon

Event selectionJ > Photon fakes estimated § o s eowa | ey
using data-driven methods Y et o meeow! Qi @iy
Exactly one photon > Control Regions for main to00F Pos m- Efﬁi?.i;?ﬂiwé
Exactly one lepton backgrounds: tty and Wy E 7 uncaraty E
Exactly one b-tagged jet > DNN used to separate E
f 4 ot signal from backgrounds E

zero or one forward je TR : 3
(2.5 < |n| < 4.5) > Profile likelihood fit done _f

to extract cross-sections
Observed (expected) significance:

9.30 (6.80) ;::%%WW&W%W%

Modelling systematics dominant i:

0 010203040506070809 1
NN,,

_L

Data / Pred.

Otqy X B (t — fvb) = 688 £ 23 (stat.)i';i’ (syst) fb

arXiv:2302.01283 Otqy X B(t — £vb) 4+ 0t (Spvby)g = 303 £ 9 (stat)fgg (syst) fb

dortmund ﬁA AS Benedikt Gocke
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Measurement of top quark mass m.. using a template method

> Full Run2 dataset > Improved event reconstruction
> Dileptonic top + Deep Neural Network used to find correct 11 value
pairs selected — sensitive to top quark mass
> Also single top > Signal modelling and jet related uncertainties reduced
quark events
S 20000 _:I Egt;' o -?i ~ ATLAS Preliminary 3 Zasoof e Data | Dboson | ATLAS Preliminary ]
< _Lt * —13TeV, 13910 " 3 & mE M X =13 TeV, 13910 '
 ro000 B Sr0e o MNTION s icpion g sooco M Sroetor MINPHpons T TR S
Event selection 50000 " Y Dm0 E
- - 50000 - I 4 200005 =
Exactly two leptons e ! 1 15000 =
30000 |- I = C =
At least two jets 20000 £ | 10000 - E
] = - 5000 [
At least 2 b-tagged jets O - :
() 11.21 - o 12
s i s s
8 8:3'01 02 03 04 05 06 07 08 09 8 G35 ' ; ' ' ' R
ATLAS-CONF-2022-058 TR0 0t e 0 T N P (o) pai with largest p, [GoV]
dortmund & Benedikt Gocke o : : :
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Measurement of top quark mass m.. using a template method

» Signal modelling uncertainties significantly improved

> Implemented gluon radiation recoiling against the top-quark

Template method . .

— likely overestimated the effect iy [GoV]

. . . Result 172.21

> Distributions constructed 3 L L . Statistics 0.20
- O googl. ar-as Frelminay §  data dilepton ] Method 0.05 £ 0.04
- - -1 — I /] . . .
for a number of discrete o 30007 fs=13TeV, 1391 o _ipoiosce | [Natie et maiing 70 £0.06]

i) = - Parton shower and hadronisation 0.05 £ 0.05

values of top quark mass 5 2500 g S| tnitial and finalstate QOD raciation 017 £ 0.02

(1 B ] Underlying event 0.02 £ 0.10

> . . - - Colour reconnection 0.27 £ 0.07
final template function onl - I Parton distribution function 0.03 £ 0.00
2000 Single t delli 0.01 £+ 0.01

- N ingle top modelling . .

dependS on mtop - - _Background normalisation 0.03 £ 0.02_
> 1500— ] | Jet energy scale 0.37 £ 0.02 |
1 H - C A b-jet energy scale 0.12 + 0.02

U nblnned maXImum - 3 Jet energy resolution 0.13 £ 0.02
likelihood fit to data 1000}, T | gy 004 < 0.1

. o - S YSSYSf—_—_—t“ttYnHn—————_——t Leptons 0.11 + 0.02

> tran timi t - E 3 Pile-up 0.06 £ 0.01
fl ] a ge Op Sed O . % 1'0?1T +$l+l% T$l+l N §%l+ *; .94 III%E IRecoileffect 0.39i0.09!
minimise the total uncertainty | &, T feT T R e ¢ T Feegiiy Total systematic wncertanty (withont recol) | 0.7 = 0.05

= ‘ . . ‘ t . ‘ ‘ . E Total systematic uncertainty (with recoil) 0.77 + 0.06

50 60 70 80 90 100 110 120 130 140 Total uncertainty (without recoil) 0.70 £ 0.05

mi9" [GeV] Total uncertainty (with recoil) 0.80 £ 0.06

Miop = 172.21 4 0.20(stat) = 0.67(syst) £ 0.39(recoil) GeV

ATLAS-CONF-2022-058
dortmund i}A AS Benedikt Gocke
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Evidence for charge asymmetry in pp — tt production

> Central-forward asymmetry very small effect
at LHC —» O (1%)

Atf — N(Aly:z|>0)—N(A|y£/<0)
C N(A|y:g|>0)+N(A|y£|<0)

> Precision of the combination is
dominated by lepton+jets channel

» Overall limited by statistical uncertainties

> Result 4.70 from zero — strong evidence

» Challenging even with Full Run2 dataset .
Ag = 0.0068 = 0.0015 (stat + syst)
Analysis Strategy —— NNLOQCD +NLOEW ATLAS
--=- Cf =05 Vs=13TeV, 139 fo
0.015( __ o _.4 -
. . tu = '
> Single or dilepton events selected 4+ combination
. . ingle-lept
- High pT hadronic top decays also targeted 0010 + diepon
: <
+ Data-driven methods for fake lepton bkg S S S (S ———
. |
» BDT used to separate signal from background 0.005¢
> Fully Bayesian Unfolding used
. Compare to fixed-order theory prediction 0000 e e . . nnnnnnn e
Inclusive arXiv:2208.12095
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Summary of Top quark measurement highlights at ATLAS

1} e ®
» Many interesting results produced by ATLAS @

+ Statistical precision of full Run2 dataset is exploited -

+ Top properties are measured with exceptional precision
— Asymmetry measurements, top quark mass measurement

+ Differential cross-section measurements (tt, ttW, ...)
help understanding MC generator predictions

+ Observation of rare processes (four-top-production, tqy, ...)

» Only small fraction of recent results were presented today
+  Many more can be found here: ATLAS Top Public results

» LHC Run3 has started

+ Allows for even higher precision measurements and
stronger limits to BSM theories

+ First measurement of tt and Z cross-section presented today

Sﬁ[&;”rggs 'f/\'E,O‘XPERM{-}NST Esgfnﬂﬁ,ﬁg%s) Highlights on top quark physics with the ATLAS experiment at the LHC 18


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

Thank you for your attention!
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BACKUP
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Asymmetry measurements in top quark processes

Energy asymmetry

in top pair production

Energy asymmetry

in tty

Energy asymmetry
in ttW

> Highly sensitive to chirality
of the top and antitop quark

Ag(8;) = 7°Pt (8| AE>0)— Pt (6] AE<O)

7Pt (9| AE>0)+o°Pt(9,|AE<O)

g 4 T T T T T
‘o TATLAS =—— MadGraph5_aMC@NLO |
= - Vs=13 TeV, 139 fo —4— Data (stat only) :
5— 2 L --¢-- Data (stat + syst) ]
<LU § :
Or NN
6 : ]
- . | . | . | . ]

0 /4 /2 3n/4 T

0, [rad]

arXiv:2110.05453

> Interference between QED
ISR and FSR contribute

> Only present if y is radiated
from initial state parton or
one of the top quarks

_ N(y:>yg) —N(y:<yz)
Ac = N (y:>yz)—N (y:<yz)

> Result in agreement with
NLO SM prediction

» W boson polarizes tt state
> Leptonic charge asymmetry

Ae . N(Ane>0)—N(A'r/£<O)
¢ N((Ant>0)+N(Ant0)

> ¢-¢ matching done with BDT
» Reco and patrticle level

> results consistent with SM
prediction

Ac = —0.003 £ 0.024 (stat) 4= 0.017 (syst)

Af = 0.123 £ 0.136 (stat) 4= 0.051 (syst)

arXiv:2212.10552

A% = 0.112 4 0.170 (stat) &= 0.054 (syst)

arXiv:2301.04245
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https://arxiv.org/abs/2110.05453
https://arxiv.org/abs/2212.10552
https://arxiv.org/abs/2301.04245

Inclusive & differential tf production cross-section

measurement
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Inclusive & differential tt production cross-section measurement
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Inclusive & differential tt production cross-section measurement
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Inclusive & differential tt production cross-section measurement

Source of uncertainty

Aayi foii (%)

Aatt_/gtt_ [%]

OS 55

Ny Ny Ny Ny
tt 418780 + 130 235937 £+ 95 - -
Single ¢ 42944 £+ 77 7295 + 31 - -
Z +jets 1552 £ 66 96.5 = 7.5 - -
Diboson 1406.1 + 9.5 499 £ 1.1 223.0 £ 24 10.58 £ 0.30
Charge-misid. lepton 1.90 &£ 0.14 0.614 = 0.061 858 £ 11 364.0 £ 7.1
Misidentified lepton 4880 + 100 1990 £ 67 2550 £ 57 906 £+ 35
Other 1192.6 + 4.1 807.1 £ 3.3 407.0 £ 1.7 2383 £1.3
Total MC prediction | 470760 + 190 246180 £ 120 4039 + 58 1519 = 36
Data events | 468450 248560 3995 1501
Data/MC | 0.995 £ 0.002 1.010 = 0.002 0.989 £0.021  0.988 = 0.035

Data statistics 0.15 0.15
MC statistics 0.04 0.04
Matrix element 0.12 0.16
hgamp variation 0.01 0.01
Parton shower 0.08 0.22
tt + heavy flavour 0.34 0.34
Top pr reweighting 0.19 0.58
Parton distribution functions 0.04 0.43
Initial-state radiation 0.11 0.37
Final-state radiation 0.29 0.35
Electron energy scale 0.10 0.10
Electron efficiency 0.37 0.37
Electron isolation (in situ) 0.51 0.51
Muon momentum scale 0.13 0.13
Muon reconstruction efficiency 0.35 0.35
Muon isolation (in situ) 0.33 0.33
Lepton trigger efficiency 0.05 0.05
Vertex association efficiency 0.03 0.03
Jet energy scale & resolution 0.10 0.10
b-tagging efficiency 0.07 0.07
tt/Wt interference 0.37 0.37
Wt cross-section 0.52 0.52
Diboson background 0.34 0.34
ttV and ttH 0.03 0.03
Z + jets background 0.05 0.05
Misidentified leptons 0.32 0.32
Beam energy 0.23 0.23
Luminosity 0.93 0.93
Total uncertainty 1.6 1.8
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tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV
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tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV

Data/MC control plots
in region with
opposite flavour leptons
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tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV
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tt and Z-boson cross sections and their ratio at Vs = 13.6 TeV

Pre-fit impacton u :

Ranking plots of
the impact of the
systematic uncertainties
on the POls

Pre-fit impact on p_:

Pre-fit impact on R
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Measurement of total and differential {tW cross-section

YV VY

Systematic uncertainties:
tt parton shower + modelling of tt+HF (50% uncertainty, uncorrelated between tt+b and tt+c)

uncertainty for Z-enriched — tt-enriched — taken from validation regions — Internal conversion:
50%, material: 10%

Mis-ID charge: 10-60%. Increases with electron pT, decreases with |n|: 0.7%, 11% (at low Hrep),
reduces to 1% at higher pT

O'+—O'_

ot + o0~

A =0.32 £ 0.05 (stat) £ 0.03 (syst)

Charge asymmetry parameter: A =

in very good agreement with theoretical prediction from Sherpa:

A = 0.322 + 0.003 (scale) £ 0.007 (PDF)

dortmund  GYaT) pg  Benedikt Gocke Highlights on top quark physics with the ATLAS experiment at the LHC 37
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Observation of four-top-quark production

: Other Fitted
Region Channel Nj Np selection variable
‘ {1 or > is from virtual photon (y*) decay :
CR Low my- SS,ecorep | 4<Nj<6 | 21 {1 and £, are not from photon conversion counting
CR Mat. Conv. | SS,ecoreu | 4<Nj<6 | >1 1 or £, 1s from photon conversion counting
100 < Hp < 300 GeV
EMSS > 50 GeV ¢
CR HF el or > 1 =1 T 3
K HH OT HEH total charge = =1 Pr
100 < Hy < 275 GeV
miss
CRHFe eee or eey >1 =1 Ex™ >35GeV p£3
total charge = +1 T
In(e)| < 1.5
when N, =2: Hy < 500GeV or Nj <6
CR ttW*+jets | SS, eu or uu >4 >2 when N, > 3: Hyp < 500 GeV Nj
total charge > 0
In(e)| < 1.5
when Nj, =2: Hp < 500 GeV or Nj < 6
CR tftW™ +jets | SS, ey or ppu >4 >2 when N, > 3: Ht < 500 GeV N;
total charge < 0
£, and &, are not from photon conversion
CR 1b(+) 2LSS+3L >4 =1 Ht > 500 GeV N;
total charge > 0
£, and ¢, are not from photon conversion
CR 1b(-) 2LSS+3L > 4 =1 Hr > 500 GeV N;
total charge < 0
SR | 2LSS+3L | =26 | 22| Hr > 500 GeV | GNN score
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Observation of four-top-quark production

» Graph Neural Network
+ uses information from: jets, leptons, missing transverse momentum

+ features of each node: four momenta, jet PCBT, lepton charge, internal labeling of object type
+ edges carry features like angular separation between the objects they connect

+ jet multiplicity is a global feature

+ goal: maximise AUC score

« comparison with BDT (previously used) done:
similar separation power but 12% higher expected significance

> Binned profile Likelihood fit: cross section and norm of background and ttW modelling extracted
> Instrumental uncertainties and background modelling uncertainties quite small

dortmund ?A AS Benedikt Gocke
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Observation of four-top-quark production

Pre-fit Post-fit Uncertainty source Ao [1b] Ao [o[%]

Signal modelling
SR GNN=>0.6 SR GNN=>0.6 titt generator choice +3.7 =27 +17 -12
tftf parton shower model +16 -10 +7 4
1tW 130 + 40 9+4 127 + 35 12+ 4 Other #7t7 modelling +0.8 05 +4 -2

7 Background modelling
iz 7215 34+18 15 4420 ttH+jets modelling +09 -07 +4 -3
tTH 65+11  46+13 68+10 5014 (IW-tjets modelling +08 -08 +4 -3
ttZ+jets modelling +05 -04 +2 -2
QmisID 27+ 4 1.78 £ 0.26 27+4 1.80 £ 0.24 Other background modelling +05 -04 +2 -2
Non-prompt leptons modelling +04 -03 +2 -2
Mat. Conv. 16.5+23 0.73+0.25 30+ 8 1.4 +0.5 t7t modelling +03 -02 +1 -1
HF e 31+1.0 0405 23+24 0304 Charge misassignment 0.1 01 +0 -0
Instrumental
HF u 7.1+1.2 031 =+0.15 0O+4 041 +£0.22 Jet flavour tagging (b-jets) +I.1 08 +5 -4
Jet uncertainties +1.1 =07 +5 -3
Low My 141+£20 052=+0.19 15+5 0.56 +0.22 Jet flavour tagging (light-flavour jets) +09 -06 +4 -3
Jet flavour tagging (c-jets) +0.5 -04 +2 -2
Others 47+ 11 39+1.2 S0+ 10 43+1.2 Simulation sample size +04 -03 +2 -1
(7t 20+ 0.9 1.5+ 0.5 20+ 0.9 1.5+0.5 Othe.r experimental uncertainties +04 -03 +2 -1
Luminosity +02 -02 +1 -1
Total bkg 390 + 50 26 + 5 412 + 21 32 + 4 Total systematic uncertainty +46 -34 +20 -16
— Statistical
titt 38+4 252 +32 69=x15 45 £ 10 Intrinsic statistical uncertainty +42 -39 +19 -17
ttW+jets normalisation and scaling factors +12 -1.1 +6 -5
Total 430 + 50 SL+7 480 = 19 17+8 Non-prompt leptons normalisation (HF, Mat. Conv., Low m,+) +04 -03 +2 -1
Data 482 83 482 33 Total statistic-al uncertainty +4.7 -43 +21 -19
Total uncertainty +6.6 -55 +29 -25
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Processes

Observation of four-top-quark production

95% CL cross section interval [fb]

Mg =1 Wi =1.9
1tt [4.7, 60] [0, 41]
> Interpretations HHtW [3.1, 43] [0, 30]
titg [0, 144] [0, 100]

> 4 top cross-section can be parametrised by two parameters:

*  Yukawa coupling strength modifier k (ratio of measured Yukawa coupling/SM prediction)

+  CP-mixing angle a (in SM: a=0, CP-even; a=90 — CP-odd)
» EFT operators

+ 4 top yield in each bin of GNN output parametrised as a quadratic function of the coefficient to

the corresponding operator

+ fit to data (assumption: only one operator contributes to the 4top cross section, te others are

fixed to zero (SM))

> Higgs oblique parameter

+ self-energy corection term applied to electroweak propagators on the SM

+ affects of-shell Higgs interactions

dortmund ?A AS Benedikt Gocke
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Observation of single-top-quark production with a photon

> Statistical analysis: profile-likelihood fit

> simultaneously in SRs and CRs
— NN output used in SRs and CR tty, inclusive event yield used in CR Wy

+ normalisations of both background are free floating in the fit

+ Fitted normalisations are consistend with nominal prediction (13/14% tty, 20/17% Wy)

» Systematic Uncertainties: [parton (particle)]

> largest: tty modelling 5.5% (5.5%) T T I P

> limited number of MC events from background | e m W |G W Mo
processes 3.5% (4.6%) F e 5 3 7oy |

> limited number of MC events for tqy 3.3% :

(3.0%)
» modelling of top decay products with photon

1.9% (3.3%) -> fixed to SM expectation in  ——
particle-level fit within the uncertainties Wyt %%% : O'Q;W//ﬂwwwwwwww
> mode”ing of tt: 240/0 (23%) 09o 01 02 03 04 05 06 07 08 09 1 i} 085702 03 04 05 06 07 08 0r9\1N1
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Measurement of top quark mass m.. using a template method

> Recoil effect (In Powheg: b-quarks are produced in the decay of a coloured resonance, the top
quark. After the emission of the first gluon, any following gluon radiation recoils against the b-
quark. Due to the more collinear radiation from a coloured particle, the recoil-to-colour scheme
results in too small out-of-cone radiation. This affects the b-jets shape and results in narrower
reconstructed top-mass distributions. A more recent setup allows the top quark itself to be the
recoiler for the gluon radiation. Pythia authors made this available. With this recoil scheme, more
out-of-cone radiation is possible, changing the shape of the b-jets in the event. While it is
theoretically the most consistent setup, the recoil-to-top simulation used in this measurement likely
overestimates the effect, since no dedicated tune for this sample has been performed yet. The full
difference between the top-quark values extracted from pseudo-data sets using these two recaoil
settings is used as an additional uncertainty, and is quoted separately in the final result.)

» The measurement presented here uses the template method and thus the fitted mtop corresponds
to the mass parameter in the ATLAS signal generator setup. This ensures an unambiguous
definition of the fitted mw, and eases the combination with previous results.

Sl i)EA As  DBenedikt Gocke Highlights on top quark physics with the ATLAS experiment at the LHC 49
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Measurement of top quark mass m. using a template method
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Evidence for charge asymmetry in pp — tt production

> boosted regions:

+ aim: identify one high pr hadronic top quark decay and at least one smallR jet close to lepton

(AR < 1.5)

+ atleast one largeR jet as the hadronically decaying top quark candidate
— top tagging algorithm, 80% efficiency operating point.

+ additional requirements as tops are
expected to be back to back

x10°
c T c L L B B L I L
. . R =R £ T i
— iIng largeR jet pr = top quark S sl ATLAS —Daa | 2 10° ATLAS —~ Data
leading larg Jjetpr Pq Pr 2 1O Js-13Tev, 130" T e [ Vs=13Tev, 139" I o |
g . . o L e/u + jets (pre-marg.) gmm Single to 1 o 107F e/u + jets (pre-marg.) mmm Single top 3
» The MC prediction’s overestimation of the & "*f “esvedzbincl. =~ ==zt T & ¢ resolved 2binc. 2t
. . . 1.2 ; 6 ; _
X [ Uncertaint 10°E [ Uncertainty 3
yield by about 20% in the single-lepton | nooreiny ; :
: . . . : : ol ;
boosted regions is confirmed by differential o8l ER |
i — 4l ]
cross-sections measurements! 0.6] ] 10°% :
. Single-lepton resolved Single-lepton boosted 0.4 3 10° — =
Process: 1h-excl. 2b-incl. 1h-excl 2b-incl. i g ]
i 1540000 = 140000 1870000+ 170000 5000012000 74000=18000 02 ] 10% E
Single top 90000+ 11000 51000+ 8000 3600+ 1100  3000% 1100 , e o g
WHjets 180000+100000 20000+ 9000 8900% 2600 1600+ 500 £ g~ ) :
Z+VV +1iX 48000+ 25000 14000+ 7000 2400+ 1200 1400+ 700 S fleeeosmmeeeosfmeeeessoeeeeessoeeeeeessobeessseeeeess oo | S T S —— T — ]
Fake 90000+ 50000 47000+ 24000 3000+ 1500 2300+ 1200 §& os g .,
P n} 8E ) ) ) ) ) B 8L . ) ) ) ) ) ) B
Total Prediction 1940000+ 190000 2010000+ 180000 68000+ 14000 83000 18000 S o0 I50 200 250 300 0 B0 000 1500 2030 2550 3000 3500 4000
Data 1964 127 2041063 54750 66571 b [GeV] m_GeV]
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Evidence for charge asymmetry in pp — tt production

008l — NNLOQCD+NLOEW  ATLAS _ —— NNLOQCD + NLOEW ~ ATLAS —— NNLOQCD + NLOEW ~ ATLAS
' ---- C8 =05 V/s=13TeV, 139 fb~" 0,04 4 combination Vs=13TeV, 139 fo~' | 0.04/ <+ combination V/s=13TeV, 139 fb~' |
0.06] —— C&=1.0 ' + single-lepton <+ single-lepton
4 combination + dilepton 4 dilepton
0.04r 4 single-lepton 0.02| 0.02 ]
4 dilepton + '%:0 '%:O +
0.02; — === TS L
________ i = Pt —— 0.00¢f T 1
0.00f " . t 0.00} |
—0.02} ] —0.02}
0.04l L —0.02}
<05 [0.5,0.75][0.75,1.0] [1.0,1.5] >1.5 [0,30] [30,120] > 120 [0,0.3] [0.3,0.6] [0.6,0.8] [0.8,1]
my; [TeV] P [GeV] B, 4
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Evidence for charge asymmetry in pp — tt production
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Energy asymmetry in top quark pair + jet production

» To measure the energy asymmetry the difference of the top and antitop energies AE = E; - E; is
determined as a function of the jet angle 6; Both AE and 6; are defined in the ttj rest frame, which
corresponds to the partonic centre-of-mass frame in tree-level processes. The angle 8; is defined
as the angle between the jet direction and the positive z-axis, i.e., the direction of parton p1 in the
process p1 p 2 — ti

» The energy asymmetry is mainly generated in the partonic process qg — ttq. The outgoing quark-
jet is boosted in the direction of the incoming valence quark. This boost is reflected in the rapidity
of the ttj system in the laboratory frame, yy

» By combining ‘forward’ events having y > 0 with ‘backward’ events having y < 0 in the optimised
cross section o°f (0;), the statistical sensitivity to the energy asymmetry is optimised

> The analysis selects events with a high-p+ jet, one leptonic W decay from one of the top quarks
and one hadronic W decay from the other top quark

> The decay products of the hadronically decaying top are required to be collimated in one large-
radius jet, as is characteristic of the boosted regime.

» By focusing on this boosted regime, the additional jet is easily distinguished from the top-quark
decay products. Moreover, the energy asymmetry increases with the transverse momentum of the
associated jet
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Energy asymmetry in top quark pair + jet production
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Energy asymmetry in ttW

Preselection
Ny (£ =e/p) =3
pr (1%¢ /27 /3t > 30GeV, > 20 GeV, > 15GeV
Sum of lepton charges +1
myy > 30 GeV
Region-specific requirements
SR-1b-low Njg SR-1b-highN;. SR-2b-low N SR-2b-highN;
Njets 2, 3] > 4 2, 3] >4
Ny jots =1 =1 > 2 > 2
EX > 50GeV > 50 GeV - ~
Nz_cand =0
Lepton criteria TTT
e/ ambiguity-cuts satisfy all
CR-itZ CR-HF,_ CR-HF CR-~y-conv
gtet/2nd/3rd 7 e m tle, bel, ell
Nijets >4 > 2 22 > 2
Np_jets > 2 =1 =1 > 1
g - < 50 GeV < 50 GeV < 50 GeV
Nz cand. =1 =0 =0 =0
Lepton criteria TTT TTT TTT TTT
e/ ambiguity-cuts satisfy all satisfy all satisfy all > 1 fail
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FCNC Summary Plot

» Many other measurements done
in ATLAS

> BSM scenarios such as FCNCs
are measured

> No FCNCs found
> Limits set at 95% CL

» Some BSM model already excluded

» Run 3 measurements can help to
further probe (and possibly exclude)
branching ratios
> Need improved systematic

uncertainty handling

t—Hc
t—>Hu
t—yc
t—=yu
t—gc
t—gu
t—>Zc

t—=Zu

LHCtopWG

November 2022

Each limit assumes that

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

all other processes are zero

o

[1] arXiv:2208.11415 [2] PRL 129 (2022) 032001
[4] JHEP 04 (2016) 035
[6] JHEP 02 (2017) 028

[8] CMS-PAS-TOP-17-017

[3] arXiv:2205.02537 (LH)

[5] EPJC 82 (2022) 334 (LH)

[7] ATLAS-CONF-2021-049 (LH)
[9] JHEP 07 (2017) 003
Theory predictions
from arXiv:1311.2028

—SM 2HDM(FV) @ 2HDM(FC)
[(JMSSM [[]RPV

«—0 4]
~—0 (3]
I e 4
SR
S0
I Yy —e b
SRR 7
\%i% «—@ [7]
—e o
TR 7
8 —9 (7]
5558
\ o [9
Y I IR TN AT R I B XK ST 1B
—16 -13 -10 —7 —4 —1
10 10 10 10 10 10

Branching ratio

Benedikt Gocke

(TU Dortmund university)

dortmund
university

e
PATLAS
EXPERIMENT

Highlights on top quark physics with the ATLAS experiment at the LHC

64



	Folie 1
	Folie 2
	Folie 3
	Folie 4
	Folie 5
	Folie 6
	Folie 7
	Folie 8
	Folie 9
	Folie 10
	Folie 11
	Folie 12
	Folie 13
	Folie 14
	Folie 15
	Folie 16
	Folie 17
	Folie 18
	Folie 19
	Folie 20
	Folie 21
	Folie 24
	Folie 25
	Folie 26
	Folie 27
	Folie 30
	Folie 31
	Folie 32
	Folie 33
	Folie 37
	Folie 39
	Folie 40
	Folie 41
	Folie 42
	Folie 44
	Folie 49
	Folie 50
	Folie 54
	Folie 55
	Folie 56
	Folie 57
	Folie 58
	Folie 60
	Folie 63
	Folie 64

