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Associated tt Production

» Small production cross
sections but important for

Top Quark Production Cross Section Measurements

= Sensitivity to beyondsg

the standard model © "}
(BSM) contributions

= Searches for
anomalous tV 1 |
couplings

= As input for
constraining SM
effective field theory
(EFT) coefficients, ...

Status: March 2022
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tty and tWy Cross-Sections

» Probe of the ty electroweak coupling tty
and sensitivity to anomalous dipole
moments of the top quark

» With 139 fbl, measurements of the
inclusive and differential cross-
sections are made

tWy
" eu channel only ) .{;
= Plus photon, = 2 jets,= 1b — jet ‘mm<f

> Full NLO calculation available ;_Qw\q’{y
including resonant and non-resonant , M
diagrams, interferences and off-shell
offects JHEP 09 (2020) 049
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https://link.springer.com/article/10.1007/JHEP09(2020)049

tty and tWy Inclusive Cross-Section

> A binned profile likelihood fit to the S A
distribution is used to extract the number * B
of events o oty

= Sris the scalar sum of all pr in the event j
(leptons, photons, jets, MET) .
" The fiducial cross-section ay;,is the parameter gﬂ;m%;—
of interest in the fit g8y
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= Signal and background modelling uncertainties

. . Category Uncertainty
dominate the systematic errors _
tty/tWy modelling 3.8%
Background modelling 2.1%
Photons 1.9%

Ofig ~ =39.61£0.8 (Stat) (Syst)fb P o

— 2 3 Pil;e-up 1:3‘?(

Leptons 1.1%

NLO + O 5 6 + 1 . 04' Flavour-tagging 1. 1%
o = 39.6 (scale) (PDF)fb s
id MC statistics 0.44%

f - 2 1 8 - 1 . 1 8 Soft term E?i"" [).2(?:

tWy parton definition 2.8%

Total syst. 6.3%

JHEP 09 (2020) 049

» Good agreement with full NLO calculation
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https://link.springer.com/article/10.1007/JHEP09(2020)049

tty and tWy Differential Cross-Sections

» Both absolute and normalized

» The data are corrected for the detector
response and acceptance to the parton level
using an iterative Bayesian unfolding
procedure (RooUnfold)

: JHEP 09 (2020) 049
» Photon and lepton variables (2020)

Y NLO prediction
InY| NLO prediction
AR(Y, €)min ty coupling
Ap(¢, %) tt spin correlation

|An (2, £)] tt spin correlation

Kenneth Johns, University of Arizona LHCP2022


https://arxiv.org/abs/1010.0632
https://link.springer.com/article/10.1007/JHEP09(2020)049

tty and tWy Differential Cross-Section

= 1.8 3 s 1.2
= TLAS & Uniolcad data = = -

BZ MOEE-tatov 1t ks sy 85 A . e :
i Tal, ) +HWy ] - = 1—1¥s=13TeV, 130 it Ty bWy (MG5_=MCPythiaB) —
|_‘;' 1.4-Nomalised cross-saction  —— . fy.1wy (MG5_ac.Hemwig) B : C Mormalised cross-saction  ___. .y MG sMCsHemwlgT)
. 1.2 ap & Theory HLO = —| 0 B—_Bp b TheoymLO ]
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AR(Y, ) min Ap(L, 1)
» For these two variables, the full NLO prediction

describes the data slightly better than
MadGraph5 aMC@NLO

> All absolute differential measurements are found to
emennionsREAN:E00d agreement with,NLO predictions

JHEP 09 (2020) 049



https://link.springer.com/article/10.1007/JHEP09(2020)049

ttZ Cross-Sections

EPJC 81 (2021) 737

» Probe of the tZ electroweak coupling

" Can be used to set constraints on SM EFT operator
coefficients

" |[mportant to understand as an irreducible
background in several SM and BSM searches

" |[mportant as input for Monte Carlo tuning

» Now with 139 fbl, new measurements of the
inclusive and differential cross-sections are
produced

Kenneth Johns, University of Arizona LHCP2022 7


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-021-09439-4

ttZ Inclusive Cross-Section

> Uses final state with 3 or 4 isolated leptons (e or u), = 3
jets, = 1 b-jet, Z mass -

» Six signal regions and two control \ %/

regions for WZ and ZZ background ~ ] K

~A

2 10° ' . .
o ATLAS iData WM WZsjets
w10 4 B ZZ+jets twz mZq i

fs=13TeV, 1391 ffisW/H [l Fake leptons [ Other 7

10* 3l + 41 SR combination 2 Uncertainty
108 Postfit e Uncertainty Aairz foriz ]
10° t1Z parton shower 3.1
10 tWZ modelling 2.9
1 b-tagging 29
S : : 1 1 : : | - WZ[ZZ + jets modelling 2.8
§ 1 [ A Zq modeling 20
8 06 ¢ i i i i i i i
3!.2_? b‘if-pca :f-z_ 5 b&'-pca :!ﬁ & ” 4!.3p_2b pp " 4!.0",‘2&' Q‘Wz_ o w‘Q'CR

» Profile likelihood fit to the number of events all regions
= g(pp — ttZ) = 0.99 + 0.05 (stat) + 0.08 (syst) pb

s MO (pp — ti2) = 0847 7 b EPJC 81(2021) 737
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-021-09439-4

ttZ Differential Cross-Sections

» Both absolute and normalized EPJC 81 (2021) 737

» Both parton and particle levels, after correction
for detector response using an iterative Bayesian
unfolding procedure (RooUnfold)

» 10 variables

30 + 48 Transverse momentum of the Z boson ttZ generator modelling and BSM ef fects
Absolute value of the rapidity of the Z boson
Number of selected jets with pt > 25GeV and || < 2.5 QCD mOdelllng in MC

3¢

Transverse momentum of the lepton which is not associated with the Z boson Top quark mOdelllng
Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W — £v decay t7 Coupling

Absolute rapidity difference between the Z boson and the top quark (antiquark) featuring the W — {v decay

44

Number of selected jets with pr > 25GeV and || < 2.5 QCD modelling in MC
Azimuthal separation between the two leptons from the 1 system BSM effeCtS on tt_' Sp in
Azimuthal separation between the Z boson and the #f system t7 Coupling

Transverse momentum of the 7 system Hard scatter and QCD modelling in MC

Kenneth Johns, University of Arizona LHCP2022 9


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-021-09439-4

ttZ Differential Cross-Sections

» BSM effects and ttZ coupling

G.DE T T T I T T T I T T T T T T T T T
. 10000HATLAS _
= vE=13TeV, 139fp"
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» In general, good agreement between data and
redictions everywhere EPJC 81 (2021) 737

Kenneth Johns? University of Arizona LHCP2022
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-021-09439-4

tttt Cross-Section

» Rare but potentially impactful process ! .

= SM prediction at NLO 12.0%52 fb |
= Several possible BSM contributions |

= Sensitive to tH Yakawa coupling
= Sensitive to 4-fermion EFT operators

» Measurements using leptonic final states

= Evidence for using 2LSS / ML - )Branchingratio tett:
= New results using 1L/2LOS

1€ (42%)

EPJC 80 (2020) 1085 238 (5%) 11

JHEP 11 (2021) 118 2L3S ssso 0o a1
/ML /2LOS
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https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3

tttt Cross-Sections (1L/2LOS)

» Events are categorized 2108

. 23 T
by the number of jets > = ErEe
and b-ta gg|n g hg 3bV Validation regions
. ) ) ) -
requirements S | o
. o . > - -----Control regions —--
» Significant attention to | | L _
— . . ) _ b N |
tt + jets modelling 2*" FEris Kinomatic [pweighiing refions
. , 5i 6i 7 = N jets
" tt + jets flavor rescaling T st atastsse I SN WALV i el
. . . 100001 5=13Tev, 130" [Jtivight  [Jfe=1c %10000__t'i'ij:;:"c::’rz;@g"’_] Dg:!ﬁ':t Df;?ﬁc 7
using dedicated profile s [ Geeworees @i @t 1 e B | Bt
5 8000 -| 7 8000 _

likelihood .

6000

= Sequential kinematic —
reweighting for Nj¢s, i »
JJ all g JEF T e ;
NLr—jets ARavg' and Hr ;. :
JHEP 11 (2021) 118 yall e pall e
Kenneth Johns, University of Arizona LHCP2022 T T 12


https://link.springer.com/article/10.1007/JHEP11(2021)118

tttt Cross-Sections (1L/2LOS)

» A boosted decision tree (BDT) is used to discriminate
the tttt signal from the large background

= 14 input variables including global event variables,
kinematic properties of reconstructed objects and
pairs of objects, multiplicity and substructure
variables of large-R jets, missing E+, and pseudo-
continuous b-tagging score

» A binned profile likelihood fit is used to extract the
tttt signal strength
= BDT distribution for signal regions

= H%% for the control regions
JHEP 11 (2021) 118

Kenneth Johns, University of Arizona LHCP2022 13



https://link.springer.com/article/10.1007/JHEP11(2021)118

tttt Cross-Sections (1L/2LOS)

JHEP 11 (2021) 118

» Post-fit predictions
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> Largest systematic errors on 057 are tttt and tt +
1b/1c modeling and jet energy scale uncertainties

Kenneth Johns, University of Arizona LHCP2022 14


https://link.springer.com/article/10.1007/JHEP11(2021)118

tttt Cross-Section

» 1L/2L0S and Combination (with 2LSS/3L)

‘_‘ :I TT I T TT | T TT I T TT | T TT I T TT | LI I_I_I T | T 1]
e _ ATLAS +#Data Wi i
2 ' 1.5:13Tev 1390 [Jtw mttz =
( S [ Riig []Q mis-id 3
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w C Post Fit ZLSS @Mat. Conv. [HF e .
10° HLow m.. EHF 1 -
c /3L [ Others [ttt 3
C ZzUncertainty i
100 S
10
-1
. 10—1_ l -
= 1f //w#/ ”*’/M"#‘/ :
E 0.55— | E

5 06 04 02 0 02 04 06 08
BDT score

-

Four top production summary
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ATLAS+CMS Preliminary
LHCtopWG

=12.0"22 (scale) fb

: JHEP 02 (2018) 031
NLO QCD+EW

ATLAS, 2LSS/3L, 139 fb”

Run 2,Vs = 13 TeV, March 2022
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Four_Top_Quark_Production

t > gX (g =u,c)withX - bb

» Search for strongly suppressed ATLAS-CONF-2022-027

large FCNC enhancements in

top decays & “\\ -<5

g g=ujc
» Event selection is one e or u, plus = 4 jets, at least

three of which are b-tagged

= Also, ETSS > 20 GeV and E*S + m% > 60 GeV
» Three signal regions (4j3b, 5j3b, 6j3b)

* Three control regions (= 4b) and three reweighting
regions (2b + 1 looser b) are also used

Kenneth Johns, University of Arizona LHCP2022 16
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/

t > gX (g =u,c)withX - bb

» NN (5 hidden layers) is used to separate signal
from background, mainly tt + jets

= 32 input variables including my and b-tagging scores

o 025 o 025 w 03r
B E ATLAS Simulation [ 1 uX 80 Gn‘uf B E ATLAS Smuation [—1— uX 80 Gn"uf = E ATLAS Simuiation [ 1 uX 80 Gn‘uf
= [ Freliminary 1 = [ Preliminary = 0,25 _F'rnllmmary 3
W g2 _41 I [ Background 4 4 '3-2—5]:]|:| I Background u C 6 b [ Backgralnd ] [\
; 1t 1 oaf i «
e 1 OE 3 : o
[ ] L ] 0.15 1
t = uX of 1 ot 1 . No|
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[ 1 1 1 1 1 1 1 1 1 I 1 1 1 1 C 1 1 1 1 1 1 1 1 1 I 1 1 1 : I
G%.G 0.z 04 |;] G G.B 1.0 0% Ii] 0.2 04 [iX:3 0.8 1.0
uX 80 GeV NN outp NN OUtput ux a-n GeW NN autput uX 80 GeV NN output LL
w 02 [ T T T I T .I T I - T T T I T T T I T T W W 025 L T T T I T .I T I - T T T I T T T I T T T ]
£ [ATLAS Simulation [t X80 GoV ] g L ATLAS Smulation [ 1—cX 80 Gc"uf £ [ ATLAS Simulaton [t X 80 GeV - O
= - Freliminary = [ Preliminany = [ Praliminary ]
| o541 30 I Background E i G-z—ﬁjﬂh [ Backgraund i 02F 5 3n I Background ] O
i r ] r I
I 1 0asf ] o.1sF c,‘)
t > CX-;]_-] [ h E E E <
s - oaf . oaf |
oosl . ] ¥
! 1 005 4  oos I_
[ [P W NS | B S B | E v 1 [L ., . nn_n nn ol n non i 2
G%.G 0.z 04 0.6 08 1.0 G%.G 02 0.4 08 0.8 10 0% L] 0.2 04 0.6 0.8 1.0
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/

t > gX (g =u,c)withX — bb

» A binned maximum likelihood fit to the NN output
distribution in the three signal regions and yields in the
three control regions is used

» Similar procedure to tttt measurement is used to
reweight tt + jets distributions

u
9000
] ATLAS Preliminary # Data
W aopob- 8 =13TeV, 139 & Il X 80 GeV
t—cX M fi+= 1k
4j 3b ft+=1c
Post-Fit [ F+light
[]nen-t
Z7 Uncertainty

%‘W*“-‘Wﬁﬁh#ﬁim-*—--‘-—*-—*--—-*
0.9

Data/ Prad,

00102 02 04 05 06 07 08 08 1
£X 80 GeV NN output

Kenneth Johns, University of Arizona NN Output

U is the signal strength

Uncertainty source

Ap(uXyg) Ap(uXsn) Ap(uXim)

ti+=1b modelling 0.040 0.060 0.098
ti+z1c modelling 0.033 0.055 0.091
ti+light modelling 0.034 0.058 0.040
tt+=1b normalisation 0.012 0.011 0.039
t+=1c normalisation 0.017 0.036 0.087
W — cb modelling 0.001 0.010 0.017
Reweighting 0.005 0.013 0.017
Other backgrounds 0.008 0.026 0.023
Luminosity, JVT, pile-up 0.002 0.006 0.012
Lepton trigger. identification, isolation 0.001 0.004 0.007
Jet energy scale and resolution 0.008 0.037 0.040
b-tagging efficiency for b-jets 0.007 0.008 0.041
b-tagging efficiency for c-jets 0.014 0.027 0.079
b-tagging efficiency for light jets 0.007 0.008 0.010
ATLAS-CONF-2022-027
LHCP2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/

t > gX (g =u,c)withX - bb

% limi
» Expected and observed 95% limits
At
|§1D_|§' O B B e e e e B LA B 'E |:E ']D ||||||||||||||||||||||||||| §
1‘ F ATLAS Preliminary s 05% CL observed imit 3 T ATLAS Preliminary —a— 05% CL observed limit 3
I ) --——- 05% CL expected limit | e —_ 4 --—-- B5% CL expected limit
g _2_'|I5—13Te\.-’,139ﬂ31 [ epected - 10 7 5 [ f5=13Tev, 139 W [ Expecten « 10
x“] E [ ] Expectad + 20 E " 10 Ex 2g
30 z 3
_ T
=107 = =102
T Nt ="
4L =
107E E 10 E
t > uX t = cX 3
—5 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 =
W20 40 60 80 100 120 140 160 pofb Lol
m, [GeV] 20 40 B0 80 100 120 140 160

m, [GeV]

» No significant excess is observed
» t > uX UL (%):0.019 (0.017) — 0.062 (0.056)
=t > cX UL (%):0.018 (0.015) — 0.078 (0.056)

» Expected limits are 3x better compared with previous
ATLAS t — gH search results scaled to the same

integrated luminosity ATLAS-CONF-2022-027

Kenneth Johns, UniVersity of Arizona LHCP2022



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/

Conclusions

» Highlights of ttX production

= New inclusive and differential cross-section
measurements in tty, tWy, and ttZ channels

* Improved significance (4.7¢0) for tttt production
upon combining 1L/2LOS results with previous
2LSS/3L

= New results ont = gX,X — bb FCNC searches

» Looking forward to even more rare top physics
with 200 fb~1at 13.6 TeV in LHC Run 3

Kenneth Johns, University of Arizona LHCP2022 20
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