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Introduction

LHC high luminosity and energy = small cross section final
states tZq, ttvy, ttW and ttZ are accessible

Top quark (t) may play special role in electroweak symmetry
breaking (EWSB) due to its large mass

Composite t or excited t (t*) can be followed by

t«k >t+V (v,2)

Deviations from expected cross sections a signature for physics
beyond the SM (BSM).

Final state ttW a source of same sign leptons (SS) with multijets

= background to BSM searches using SS as a signature.
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tZq Cross Section, 13 TeV

36.1 fb—1: https://arxiv.org/abs/1710.03659

u
>

® pp — tZq process probes the WWZ and tZ couplings

e Important SM background to tH.
® Measurement relies on a three lepton channel: W from t and Z

decaying leptonically.
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Event Selection

Common selections

Exactly 3 leptons with |n| < 2.5 and pp > 15 GeV
pr(fy) > 28 GeV, pr(fy) > 25 GeV, pp(ls) > 15 GeV
pr(jet) > 30 GeV
my(ly,v) > 20 GeV

SR Diboson VR, / CR tt VR tt CR

> 1 OSSF pair > 1 OSSF pair > 1 OSSF pair > 1 OSDF pair

Imgg —my| < 10 GeV Imgy —my| < 10 GeV Imgg —my| > 10 GeV No OSSF pair

2 jets, [n| < 4.5 1 jet, |n| < 4.5 2 jets, [n| < 4.5 2 jets, [n| < 4.5

1 b-jet, |n| < 2.5 — 1 b-jet, In] < 25 1 b-jet, |n| < 2.5
— VR/CR: my(£yy,v) > 20/60 GeV — —

SR: signal region, CR: control region, VR: validation region
CR: used to obtain scale factor for WZ background
VR: used to check model
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Multivariate analysis

Use NeuroBayes neural-network package with 10 variables.
Training considers all background processes except tt (few MC
events pass selection criteria). Dominant source of background are
W Z events.

Variable Definition

=
o
g
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f=
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iT]

Absolute value of untagged jet 1
Untagged jet py
Reconstructed top-quark mass

Data/Pred.

pp of the lepton from the W-boson decay
AR between the untagged jet and the Z boson

Transverse mass of W hoson
Reconstructed top-quark py
Tagged jet py

Py of the reconstructed Z hoson

Events / 20 GeV

Data/Pred.

0 20 40 60 80 100 120 140 160 180 200
P, () [GeV]

Absolute value of 1 of the lepton coming from the ¥-boson decay
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Systematics and Validation

Source Uncertainty [%)]

— Vs=13TeV, 36.1 fb"

tZ q radiation +10.8
Jets +4.6
b-tagging +2.9
MC statistics +2.8
Luminosity +2.1 . 2 4 7 |
Leptons +2.1 T,
tZq PDF +1.2 A

+0.3

Diboson Validation Region Z+jets
Diboson

B (TV+ttH+tWZ
Uncertainty

Events /0.1

¢4

|
T

Data/Pred.

T T T
ATLAS * Daa
tZq

Vs =13 TeV, 36.1 fb” B it

tt Validation Region Z+jets
Diboson
I TV +TH+tWZ
Uncertainty

Events /0.1

Data/Pred.

02 03 04 05 06 07 08 09 1
(@)

NN
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Fit Results

2]
o

Channel no. events
tZq 26 + 8 o It)?i\t;i??phth
tt+tw 17+ 7

Entries / 0.1

w H
o o

N
o

IIIIIII|IIIIIII
II|IIII|IIIIIIIII|II

22/, Uncertainty
Z+jets 34 + 11
Diboson 48 + 12

%%&//4/////%%
ttV + ttH ! S
+tW ~Z 19+ 3

Total 143 + 11

Data SM (NLO)
600 + 170 & 140 fb | 800722 fb
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tty Cross Section, 8 TeV

20.2 fb— 1. https://link.springer.com/article/10.1007/JHEP11(2017)086
Studies of tty production probe the tv EW coupling.

Deviation from SM predictions of the v pr spectrum would
indicate an anomalous dipole t+ coupling and lead to new

physics.
Event selection optimized to enrich ~ radiation from top quarks.

Production cross section measured using data with one isolated
high-pr lepton, one high-pr v and >4 jets (>1b-tagged).

Differential cross section measured as function of v pr and n.
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@ Event Selection

One lepton (e or p), pr > 25 GeV,|n| < 2.5
> 4 jets, pr > 25 GeV,|n| < 2.5
>1 jet tagged as b-jet

e-channel: E}"""SS > 30 GeV,
my > 30 GeV

p-channel: E;’:"iss > 20 GeV,
Emtss 4+ mM > 60 GeV

One photon, Ex > 15 GeV, |n| < 2.37, no iso.
AR(jet,v) < 0.5, AR(£,~) < 0.7

|mMmey — mz| > 5 GeV

Selection yields 1256 e events and 1826 u events. Expected tt~
events: 440+90 and 720+140
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Maximum Likelihood Fit

L A o s s e LANL
= ATLAS — Prompt y Template; Simulation

Signal extracted by max. likelihood —{(5=8TeV. 20210"  —c_.y Fake Template; Data

— Hadronic Fake Template; Data
5551 P

ﬁt to p%:,so With 3 templateS: . ~ = s 74 #% Uncertainty

l
W

1. prompt ~

2. hadronic fakes
3. e fakes

o L b b b ‘j
10 12 14 16 18 20
P [GeV]

pizo=sum(pieeh*) within AR(, track) < 0.2

1. from simulated events

2. from control regions with >4 jets and a + candidate failing 1 of 4
criteria defining a ~y

3. from control sample of ey pairs with 70 < mey < 110 GeV

- ].]. - S. Protopopescu



py and 7., distributions

ATLAS e Data
/s =8TeV, 20.2 fb? LY

Hadronic Fakes

ATLAS
(s =8TeV, 20.2 fb™
Muon channel

Hadronic Fakes

Electron channel
ey Fakes ey Fakes

I Prompt y Bkg I Prompt y Bkg

7/ Uncertainty 7/ Uncertainty

Events / 10 GeV
Events / 10 GeV

L
T

LI P P R
250 200 250 300
Photon P, [GeV] Photon P, [GeV]

=]
o
a
3
T
a

w
o
o
Data/Pred.

[T T T T T T T T T T T T T
?ATLAS ® Data

E Vs =8TeV, 20.2 ot Hadronic Fakes
' - Prompty Bkg 7% Uncertainty -

| ATLAS e Data I

FVs=8TeV, 20.2 fb"l Hadronic Fakes e-y Fakes%
' [ Prompty Bkg 77 Uncertainty

Events / unit
Events / unit

L Electron channel [ Muon channel

RSV .0 0.0.4.9 Py pe
A0 5018 anis a4 s MG S S i e

S A RS AR AN RN AR BRI 2

LIPSO S - Y Y
ISR SSSE SASSC St 4 (A Ar b it 4

Data/Pred.
Data/Pred.

-25 -2 -15 -1 -05 0 05 1 15 2 25 -25 -1. -1 -0. 05 1 15 2 25
Photon n Photonn
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Uncertainties

Source

Relative uncertainty [%]

Hadron-fake template
e — -y fake

Jet energy scale

W vy—+jets

Zvy+jets

Initial- and final-state radiation
Luminosity

Photon

Single top+-y

Muon

Electron

Scale uncertainty
Parton shower

6.3
6.3
4.9
4.0
2.8
2.2
2.1
1.4
1.2
1.2
1.0
0.6
0.6

Statistical uncertainty

0.1

Total uncertainty

13
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tt~y fiducial cross section

ATLAS e Data NLO prediction based on
- PRD 83 (2011) 074013
(s =8TeV, 20.2 fb* I iy
e -y Fakes
I Prompt y Bkg
Hadronic Fakes
Uncertainty

Events / GeV

Single lepton channel stat total

————

Vs =8 TeV 20.2 fb?
This work

Vs =7 TeV 4.59 fb*
PRD 91 (2015) 072007

b

Data/Pred.

Lo L o L L b L b L 1y
2 4 6 8 10 12 14 16 18 20
P [GeV]

e+
|
1

8 TeV: 139+ 7 + 17 pb
NLO: 151 + 24 pb

Fiducial: pjly_, > 15 GeV, n4 < 2.37, p% > 25 GeV, ny < 2,5, AR(£,v) > 0.7,

AR(jet,~) > 0.5
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tt~y differential cross sections

—
ATLAS

s =8 TeV, 20.2 fo!
Single lepton channel

R e e
—ATLAS == NLO Pred.
~(s=8TeV,20.2fb* § Data (Stat)
- Single lepton channel ¢ Data (Stat.+Syst.

dofi / dp_[fb / GeV]
dofd/ dpn| [fb / unit]

—NLO Pred.
§ Data (Stat.)
¢ Data (Stat.+Syst.)

1

E\\\‘\II!K\\‘\\\‘\\\‘\\\‘\\\H\\‘\\\l\\;

[ R | 0
T T T T T T T T T T T T T T T T T T T T \E .4:\\\ T TT T TT T TT T TT T TT
o E 2 | 3
Il Il Il Il ‘ Il Il Il Il ‘ Il \V\V Il ‘ Il Il Il Il ‘ Il \ Il Il E :6:\\\i\\\i\\\i\\‘\i\\\f\\\f\\\f\\\}\\\%!\\i\\\i\\i
100 150 200 250 300 0 02040608 1 121416 18 2 22
Photon p_[GeV] Photon ||

Data/Pred.
Data/Pred.

Data well described by simulation within uncertainties.
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ttZ and ttW, 8 and 13 TeV

7 20.3 fb— 1, 8 TeV:
https://link.springer.com/article/10.1140/
epjc/s10052-016-4574-y

3.2 fb— 1,13 TeV:
https://link.springer.com/article/10.1007/
JHEP11(2015)172

q

Measurements of ttZ production give information about ¢
neutral-current coupling

ttW a source of SS lepton pairs, important in searches for physics
beyond SM.

Channels with only 2 same and opposite sign leptons (2SS, 20S), 3
and 4 leptons (3L,4L) are used.

At 13 TeV 20S channel is not included.

ttW: dominates 2SS, minor contribution to 3L
ttZ: major contribution to 3L, little non-ttZ events in 4L
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208 Analysis (8 TeV only)

Region Targeting  Sample fraction [%]

20S sample categorized : :
2f-noZ-4j _ 0.68

ttW and ttZ
2f-noZ-5j 1.2

20-7-5] itz 3.3

in 3X2 regions
20 with =3, =4, > 4(5) jets
with and w/o m —m GeV
p /0 (imee —mzl <10 ) 920-noZ-3 t 92
pr > 25 GeV, ng < 2.5
20-7-3j T0

pgﬂet > 25 GeV, >1 b-tag Z
= 20-7-4j 66

20-noZ-4j, 2¢-noZ-5j and 2¢-Z-5j are signal regions (SR)
20-noZ-3j, 2¢-Z-3j and 2¢-Z-4j are control regions(CR)
2/¢-7Z regions require 2 b-tags.

CR used to constrain background norm. uncertainties

by event counting in 2¢-noZ-3j, fitting H,_;Ead in 20-Z-3j, 20-Z-4]
Separate NN discriminant used for each SR.

Fit SR NN output distributions to extract ttZ and ttW signals.
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20S NN variables

Variable Definition NN rank

a b c

pT,ord

uu JJj :

Cent oy sum(p',?_[,et)/sum(E-']et)
Hq 2nd Fox-Wolfram moment
minAR . .
™ii ™jJ
max mZZ‘znAR max. my p of min. (AR(£,b))
pjet3

of 2 highest untagged p;]:et

of min ARjj

pT of 3rd jet

T t4
je
an d
AR%‘%e average AR of all jet pairs

pT of 4th jet

N|mjj—mV|<30

jet ij with |m33 —_ mV| < 30 GeV

NJEt no of jets with ppr > 40 GeV
M axT pT

myp of pair with max. pp

ARf1£2 AR of 2 leptons
TMaET DT
bj
Jjet
Hl

a— 2¢-noZ-4j, b= 2¢-noZ-5j, c=2¢-Z-5]

mp4 of pair with max. pp

H4 with only jets
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Events / bin

Data / SM

Events / bin

Data / SM

ATLAS
(s=8Tev.

2L-noZ-4j

,20.3 b

® Data T i@vnorm
Wiw ez
Eop W
.Rare SM Total unc.

AR

A
A\ A\

N\

-0.8 -0.6

-0.4 -0.2

0 02 04 06 08
NN output

ATLAS
(s=8Tev.

2L-noZ-3j

,20.3 fbt

opata  [Wiw
Otz Hrop
Bz Wrare sm
Total unc.

ZE W NN RS N

Normalisation

Events / bin

Data / SM

Events / bin

Data / SM

208 Fits

ATLAS ® Data v norm
(s=8Tev,203f? Miw ez
. T z
2L-noZ-5j e
Wraresm N Total unc.

N

Nl NI I-IH-HhHTH
AN N

8 06 -04 -02 0 02 04 06
NN output

[ ATLAS eoaa  Wiw

(s=8Tev, 20.3 fb* [tz Hrop

2L.7.3j Bz Wrare sm
) Tola\ unc.

\

]

MMM
A

5106 200 300 400 500 600 700

Hf_l\_ad [G eV]
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Events / bin

Data / SM

Events / bin

Data / SM

ATLAS ® Data v norm
s=8Tev, 203" [Miw iz

2L-2:5j Hre Wz

Wraresv  NTotal unc.

W//‘H“‘

4

eI

08 -0.6 04 -02 0 0.2 04 06 08
NN output

ATLAS eopaa  [Hiw

(s=8Tev, 20.3 b iz Hrop
2L-7-4] [} Wrare sm
Total unc.

L B
2l b b b b 1

0]

-
H$:S(Eee\;]00
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@ 2SS Analysis, 8 and 13 TeV

This channel targets ttW process.

Events split into three regions: 2e-SS, eu-SS and 2u-SS.
en-SS and pp-SS regions subdivided into 4 sub-regions:
low-Njets (Njets < 4), low-E*$% (40 < ET*** < 80 GeV),
high-Njers (Njets > 4), high-Eiss (Efiss > 80 GeV).
Only the pp-SS region is used at 13 TeV.

All regions require E}"’iss > 40 GeV, HT > 240 GeV and >2
b-tagged jets.
2e-SS requires 75 < Mmee > 105 GeV

Main Backgrounds: e with misidentified charge (1) or non-iso. £
(fakes) (2).

(1) estimated studying events with 75 < mee < 105 GeV

(2) estimated from ratios of loose/tight isolation criteria.

The amount of signal is obtained from event yield
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2SS Event yields, 8 and 13 TeV

8 TeV

backg. ttW ttZ
28.3 1+ 5.8 16.440.9 4.21 4+ 0.62

w
(52

T T
o Data

F F I I
ATLAS o - ATLAS iy - ATLAS i

[s=8Tev,203fp* Iz " (s=8Tev, 2031 o " (s=8Tev, 2031 iz )

[ Charge misID B [ ChargemisiD ] B n

euss Wl Fakelepons | - 2u-SS =:ake ';3‘0”5 ]

i [ Rare SM ] i are 1
\\ Total unc. - - \\ Total unc.

o Data o Data

Events
c Ll
Events
Events

w
o

2e-SS [ Fake leptons
I Rare SM
\\ Total unc.

nN nN
o (33
L B B B B B

N

" " 0 ’ ”
ET™ > 40 GeV, N 22 LowE?™  LowE?™  Hght™  High£™ LowE?™  LowE!™  Hght™  High£™
njets D[Z'S] njets 24 niets D[2,3] N, 24 njels D[2,3] njets 24 n]ets D[zrs]

ets =

13 TeV

backg. ttWw ttZ
2.6 1+ 1.3 2.324-0.33 0.7+ 0.10
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3L Analysis

Not all 3 £ can have same sign and p%? > 20 GeV.

Two sets of events pre-selected:

3¢-Z (for ttZ) and 3¢-noZ (for ttW), .

3¢-Z have an opposite sign pair with |myy, — mz| < 10 GeV
3/-noZ do not and require pg? > 25 GeV.

4 signal regions defined:
3¢-Z-1b4j (>4 jets, =1 b-tag), 3¢-Z-2b3j (=3 jets, >2 b-tags),
30-7Z-2b4j (>4 jets, >2 b-tags), 3¢-noZ-2b (>2 b-tags)

Control region 3/¢-Z-0b3j (= 3 jets) to constrain W Z background
Verification region 3/-noZ-1b3j to verify backg. model at 13 TeV

Signals extracted from event yields. Fake £ backg. estimated from
data.
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3L Event yields

E I T

L ATLAS e Data [JTotal unc.

r L, Otz maw

[ s=8TeV,20.3fb zz mwz

[DTop MERare SM
Otz [ Fake leptons

T T T
ATLAS e Data [JTotal unc.
L, Otz maw
(s =8TeV, 20.3 b Jzz @wz
[ETop [ERare SM
[ Fake leptons

w
3
N
(]
Py
w
i
>
o
N
[aEy
g
(@]
Py}

Events / 20 GeV

BARRRARARR
.
R R A RRR AN

A

Expected yields:

/2N NN NURTE RS TN AT E

8 TeV

backg. 14.6 £ 1.9 80 100 120 140 160

ttZ 17.7 + 2.4 ET™® [GeV]

ttW 4.2 4+ 0.9
data 28

L s
ATLAS ® pata2015 [z
(s=13Tev,32f" [Htiw Bwz
3L-Z zz [ other

Z

Fake leptons 7 Uncertainty |

ATLAS .‘ Data 2015 hﬁz

(s=13Tev,3.2f" Mtiw Bwz

3L-noZ-VR zz [ other
Fake leptons /, Uncertainty

Events / 20 GeV

13 TeV
backg. 13.8 1+ 3.6
ttZ 13.2 4+ 1.0
ttW 1.77 £+ 0.29
data 29

L T B T B
S I SR B

L L T L L B BB BB B

140 160
EF'*® [GeV] Number of electrons
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41, Analysis

This channel targets ttZ process with both W’s and Z decaying

leptonically.

Z1: same flavor opposite sign leptons (OSSF) with myy closest to mz
Z2: the other 2 leptons.
5 signal regions defined:
4¢-DF-0b, 4¢-DF-1b, 4¢-DF-2b, 4¢-SF-1b, 4¢-SF-2b.

DF: Z5 pair different flavor, SF: same flavor.

4¢-DF-0b not used at 13 TeV.

Signal extracted by event counting

Region Z5 leptons

PT34

(mz, —mz|

miss
E T

4¢-DF-1b et uT
40-DF-2b et T

40-SF-1b  eteT, p*puT

40-SF-2b  eteT, utpuT

> 35 GeV

> 25 GeV {

A

> 10 GeV
< 10GeV
> 10 GeV
< 10 GeV

> 40 GeV
> 80 GeV

> 40 GeV
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4L Event yields

T T T
Vs=8TeV, 20.3 fb™ Vs= 8 TeV, 20.3 fb™

® Data ® Data
[tz [tz
Hzz zz
. Rare SM . Rare SM
. Fake leptons . Fake leptons

8 TeV N ot unc. R rotal unc.

backg. 1.64 4+ 0.35 \ \
ttZ 3.52 £+ 0.05
data 7 20 8

m,, [GeV] Number of b-tagged jets

Events / 5 GeV

Expected yields:

13 TeV
backg. 1.27 £ 0.12
ttZ 1.40 4+ 0.18
data 5

L LA s e s o e e

ATLA‘S ‘ o‘ Data 201‘5 -ﬁz‘

Vs =13 TeV, 32" [Htw mwz

4L zz Other
Fake leptons

£ T
ATLAS ® Data 2015 [z

Vs =13 TeVv, 3.2 "' [law mwz
4L zz Other
Fake leptons 7~ Uncertaint

Events /4 GeV

<

NERERERERRN ERRE FRN SRR AT ARRRA A

| L
110 120 =2
m,, [GeV] Number of b-tagged jets

- 25 - S. Protopopescu



Systematics and Significance

All regions of 20S (not in 13 TeV), 2SS, 3L and 4L
fitted simultaneously to extract ttZ and ttW signal.
8 TeV 13 TeV

Uncertainty

Taw

Oz

Uncertainty

Luminosity

3.2%
3.7%

4.6%
7.4%

Luminosity

Reconstructed objects Reconstructed objects

Backgrounds from simulation 5.8% 8.0% Backgrounds from simulation

Fake leptons and charge misID

7.5%

3.0%

Fake leptons and charge misID

Signal modelling

1.8%

4.5%

Total systematic
Statistical

12%
+24% / —21%

13%
+30% / —27%

Total

+27% / —24%

+33% / —29%

significance (no. of standard dev.):

Signal modelling

Total systematic
Statistical

Total

ttW
Expected

Observed

Expected

ttZ
Observed

3.2

1.0

5.0

2.2

4.5
3.4

4.2
3.2

stat. uncertainty
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L L
ATLAS Best Fit
ATLAS 68% CL
ATLAS 95% CL
NLO prediction*
ttz Theory uncertainty

A TLAS ATLAS best fit

Vs =13 TeV, 3.2fb" ATLAS 087 cL
- ’ - ATLAS 95% CL

NLO prediction
ttZ theory uncertainty
W theory uncertainty

XXX
AR

XXHXRHRAX
XXX

ttW Theory uncertainty

ttZ cross section [fb]

XXX

XX XXX

ttZ cross section [pb]

XXX
QRRKK

'lllll\l‘llllllllllllll
| L1l | L1l | L1l | L1l

X

XX
R

&5
X

* Madgraph5_aMC@NLO calculation

!
|
400 . 1 1.5 2 25 3 3.5 4

ttW cross section [fb] ttW cross section [pb]

oO

8 TeV o,z 3697129 fb

8 TeV o,;, 176755 fb

13 TeV o,z 1500 4 800 fb
13 TeV o.5 900 + 300 fb
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@ Summary

Inclusive and differential cross sections of single top and tt pairs
associated with vector bosons have been measured in 8 and 13 TeV
pp collisions with the ATLAS detector.

Other than tty (dominated by fake ~’s) all measurements are

statistics limited. All agree with SM expectations.

Measured Cross Sections
8 TeV 13 TeV

20.3 fb—1 36.3 fb—! (1), 3.2 fb—1 (2)
- 600 £ 170 & 140 fb (1)
139 £ 7417 pb -
+100
3697, fb 1500 =+ 800 fb (2)
176725 fb 900 + 300 b (2)
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