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The top quark - why study it?

Discovered in 1995... the
top quark is the most
massive elementary
particle... by a large margin!

As a consequence, the top
quark decays before it can
form hadrons- thus we can
study the properties of a
bare quark

(GeV/c2)
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The top quark - why study it?

The coupling of the top to the
Higgs is very large- measuring it
may give hints about the energy
scale of new physics

Potential for couplings to new,
undiscovered particles is
significant - need to look for small
changes in expected rates of
production




Top quarks in collisions

Top quark production 9 wooor— |
may proceed by pair )
production or single-top 900000 {
prOd u Cthﬂ Pair production via gluon fusion

W+

Single top production in the s-channel, t-channel, and associated Wt production



Top quarks in collisions

The top quark decays >99% of
the time into a W boson and b
quark

Analysis channels are defined by
the subsequent decay of the W.
leptonic or hadronic

Top Pair Branching Fractions

"alljets” 46%

t+ets 15%

u+jets 15%

e+jets 15% )
"dileptons™ "lepton+jets™



The ATLAS results

In this talk I'll present 3 recent results related to
single top quark production:

e f-channel cross-section 13 TeV
o Submitted 2016/09/13 to JHEP

e f-channel cross-section 8 TeV
o Submitted 2017/02/09 to EPJC

e Wt cross-section 13 TeV
o Submitted 2016/12/21 to JHEP



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-16/
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2015

cross-section Vs-13 Tev

Analysis of inclusive t-channel cross-sections for single
top and anti-top quarks

Tests of NLO calculations in new kinematic range, test W
of PDF models t

Measure properties of Witb vertex, measure V, element
of CKM matrix

Predicted cross-section at NLO:
o(tﬂ) =136.0 ™*_, . pband
o(t q)=81.0""_ pb

o O
o




t-channel 13 TeV: event selection

Use leptonic W/ decays-> lepton+jets
channel

Events are characterised by a
light-flavour forward jet from the
“spectator” quark

Require b-jet, E.™%, and m_"'to
suppress multi-jets background
Define additional validation regions

for W+jets (relaxed b-tag eff.) and top
pair production (extra b-jet)

Events / 0.25




t-channel 13 TeV:

neural network

ATLAS

\s=13TeV, 3.2 b

CA S 10000
Neural network combining ° SR o Data . — ——
) B {q 8 r ﬁ%ﬁls Simulation \s=13TeV]
: : : H b= I {1 Weth L _
kinematic variables shownin  § B Wt S o0af @]
e [0 Z Wiets a [ — Wb ]
Il Multijet s ot 1
table wm Postlfit unc. ‘g b Wjets 1
o 0.2 — Multijet 7]
" (] +
Several inputs rely on s
c A -
. . [ -9 -
kinematic reconstruction of 5 :
s 5
L] m . m 1 1
neutrino momenta, based on  £3 0———100 200 300 400 500
. Ola m(lvb) [GeV]
W mass assumption
> [ ATLAS Simulation 1s=13TeV]
Variable Definition (OD [ I*SR —1q
m({vb) top-quark mass reconstructed from the charged lepton, @ 0.2 — Wb 1
neutrino, and b-tagged jet o I — Wtijets
m(jb) invariant mass of the b-tagged and untagged jet E; — Mulijet
mr (¢ER%)  transverse mass of the reconstructed W hoson o o1k ]
In(5)] modulus of the pseudorapidity of the untagged jet S )
m(¢b) invariant mass of the charged lepton (¢) and the b-tagged jet .5 r
n(tv) rapidity of the reconstructed W boson g
AR(fvb,j) AR of the reconstructed top quark and the untagged jet s 00 260 460 500
cos 0*(£, 7) cosine of the angle 0* between the charged lepton and the untagged jet ) [GeV
in the rest frame of the reconstructed top quark m(jb) [GeV]
Apt(fvb,j)  Apr of the reconstructed top quark and the untagged jet
AR(L, 7) AR of the charged lepton and the untagged jet 9




t-channel 13 TeV: fit and analysis

Ao(tq) Ao(tg)

. . . . . Source (%] == [%] (%]
Binned maximum likelihood fit olta) ot) fi
. . Data statistics + 29 + 4.1 + 5.0
performed inl*and I S|gna| Monte Carlo statistics +2.8 +4.2 +5.1
. Reconstruction efficiency and calibration uncertainties
reglonS Muon uncertainties + 0.8 + 0.9 + 1.0
. . Electron uncertainties < 0.5 + 0.5 + 0.7
Pseudo-experiments varying JES Y 141 412
. Jet energy resolution + 3.9 + 3.1 + 1.1
signal acceptance, BG rates, and Eeriss modelling 1 0.9 L12 <05
. . . . b-tagging efficiency &= 70 + 6.9 < 0.5
Slgnal Shape Of N N dlStI’IbUtIOﬂ c-tagging efficiency < 0.5 + 0.5 + 0.6
. . Light-jet tagging efficiency < 0.5 < 0.5 < 0.5
are used to estimate systematic Piles s seweighting £15 £22  +38
Monte Carlo generators
unc. tq parton shower generator + 13.0 + 14.3 +1.9
tq NLO matching o 201, + 0.7 + 2.8
e N — tq radiation + 3.7 + 3.4 + 3.7
Frocess g ) () tt, Wt, tb + tb parton shower generator + 3.2 + 4.4 +1.2
g 1.15+0.03 4840+ 140 - tt, Wt, th + tb NLO matching + 44 + 8.6 + 4.6
tq 1.124£0.05 - 30404130 tt, Wt, th + tb radiation <05 +1.1 +0.7
tt, Wt,th + tb 0.91+£0.03 13700+510 13600+£510 PDF + 0.6 + 0.9 < 0.5
W+ jets 1.13£0.05 12000 £ 550 - Background normalisation
W™+ jets 1.21 £0.06 - 10 500 £ 550 Multijet normalisation + 0.3 + 2.0 + 1.8
Z, V‘./."‘ jets - 1530 1410 Other background normalisation + 04 + 0.5 < 0.5
Multijet background - 2420 2420 I.iinssity L9 191 <05
Total estimated - 34500760 31000760 - -
Total systematic uncertainty + 175 + 20.0 + 10.2

Total observed - 34459 31056 Total uncertainty 4+ 178 + 204 + 114




t-channel 13 TeV: results

Top and anti-top cross-sections measured
independently, as well as their ratio Rt:

o(tg) = 156 + 5 (stat.) =27 (syst.) £ 3 (lumi.) pb ATLAS  \s13Tev,32f0"
o(tg) = 91 +4(stat.) £ 18 (syst.) £ 2 (lumi.) pb Meas;:f“;”;y“:“" i ' '
R, = 1.72 £0.09 (stat.) OIS(SySt), ABM (5 flav.) Fe
ATLAS epWz12 —.—

Ratio measurements compared to predictions N :
from several PDF models (right) - -
Measurements are all in agreement with best [ ... iy
SM predictions T B B N N I A ¥ R

11



t-channel 8 TeV

cross-sections

Analysis of total, fiducial, and
differential t-channel
cross-sections

Variety of tests of NLO
calculations, measurements of
th vertex, test of PDF models

Similar techniques as 13 TeV,
following slides will focus on
results/interpretation

Submitted to EPJC
20.2 fb?!

2012
\Vs=8 TeV

6000

4000

Events / 0.05

ATLAS \s=8 TeV,20.2 fb™'

¢ Data
B {q
B it Wt itb
m W+jets -
1 Z,VV+jets
I Multijet 1
2/, Post-fit unc.




t-channel 8 TeV: uncertainties

Uncertainties on fiducial
cross-sections are more evenly
spread among sources than in
the 13 TeV measurement

Dominant uncertainties are lepton
reco, JES, background top pair
NLO matching model

Source Acga(tq) / oaa(tq) Acaa(tq) [/ osa(tq)
(2] (%]

Data statistics +1.7 +25
Monte Carlo statistics + 1.0 + 1.4
Background normalisation < 0.5 < 0.5
Background modelling + 1.0 + 1.6

| Lepton reconstruction + 21 +25 |
Jet reconstruction + 1.2 + 1.5

[ Jet energy scale +3.1 +36 |
Flavour tagging + 1.5 + 1.8
Exs5 modelling + 1.1 + 1.6
b/b tagging efficiency +£0.9 £ 0.9
PDF +13 + 22

tq (tg) NLO matching + 0.5 < 0.5

tq (tq) parton shower + 1.1 + 0.8

tq (tq) scale variations + 2.0 + 1.7

[t NLO matching + 2.1 +43 |
tt parton shower +0.8 +£25

it scale variations < 0.5 < 0.5
Luminosity +1.9 + 1.9
Total systematic + 5.6 + 7.3
Total (stat. + syst.) + 5.8 +7.8

13



t-channel 8 TeV: fiducial/inclusive

ATLAS Vs=8 TeV, 20.2 b
- . . Measurement result : |
Fldu_c:lal cross-section (top).measured ke el sty wih 71 5
only in region of interest defined by Syl .k
particle observables ponnzasox e =
. . . . = POWHEG-Box+HERWIGT -
Fiducial region defined to be close to Lo ne. =3
reconstructed event acceptance: ggmgg;gg;;ggg:ﬁg X3
EIMG5_aMC@NLO+HerRWIG7 o i

1 charged lepton, 2 jets (1 b-tagged), e

m(/b)>160 GeV 61 (1) [PD]

ATLAS Ys=8 TeV, 20.2 fb
Total cross-section: o Dtz
POWHEG-BOX+PYTHIAG NLO nprs s
1 POWHEG-BOx+PYTHIA8 — crorencoia 74
Total cross-section (below) extrapolated i Powrco Box,Herwi o
. = POWHEG-BOX+HERWIG7 ; o
to full phase-space, comparable with MGS_aMC@NLO:HeRwis ——
I 1 MG5_aMC@NLO+HERWIG7  +— I scale unc
fixed-order calculations o PG Box PYTAG I e o700
POWHEG-BOX+PYTHIA8 o NNLO)
# MG5_aMC@NLO:HeRwWIGT —— ..
_I scale ® PDF @ a, unc.

50 55 60 65 70 Gy, (1) [P0] 14



t-channel ratio

[Tlstat. ® syst. [ |stat.
Predictions calculated in 5FS:

measurement

[ 9

Ratio of top to anti-top cancels [ N

many uncertainties, E

discriminates between PDF RIS TSR
p red i Cti O n S Source AR /Ry %]

Data statistics + 3.0

: H : Monte Carlo statisti + 1.8
Uncertainties on R, dominated

t Background modelling + 0.7

- - - Jet tructi + 0.5

by statistics, top pair MC Fie modeling Y

tq (tq) NLO matching + 0.5

mOdel tq (fq) scale variations + 0.7

tt NLO matching +23

tt parton shower + 1.7

PDF + 0.7

Total systematic + 3.9

Total (stat. + syst.) + 5.0




t h I S tkamas | ssTevizozn! ]
0] tq particle-level ® Data
-channe R St
n b(:'_

cross-sections |
10k ! LA

Distributions of p_(t), |y(t)], p,(j), and g 1'515'
|y(l)| measured at partiCIe-IeveI and g 0_5'---POWHEG-BOX+I.-IERWIG-mMGS_aN!C@NLO»fHEHWIG-f

0 100 200 300

rton-level -
parton-ieve p.(T) [GeV]

— e e L E e e e = B e e IS e e = L e e BB
2 1F ATLAS [s=8 TeV, 20.2 b 3 2 6 ATLAS [s=8 TeV, 20.2 fb 2 gl ATLAS (s=8 TeV, 20.2 fb
0] tq particle-level ® Data (_/_\ tq particle-level ® Data (: tq particle-level e Data
.8_ 1071 [ — POWHEG-BOX+PYTHIAG ] -8 E — POWHEG-BOX+PYTHIAG -'8 E — POWHEG-BOX+PYTHIAB
;JA ko) 4k § i S 10F -
o) (':,_
O o yn2l i
< 10 " ]
1 4 o PR 1 1 ]
I ‘ © < 15' 7
© ] © © E
8 - 8 8 y| e F -
= 0.5F- - PowHEG-BOX+HERWIG -+ MG5_aMC@NLO+HERWIG = 0.5F- - POWHEG-BOX+HERWIG - MG5_aMC@NLO+HERWIG = 0.5F- - POWHEG-BOX+HERWIG =+ MG5_aMC@NLO+HERWIG

100 200 300 0 i 2 3 4 0 05 1 15 2
P (1) [GeV] ly(7)l ly(T)l



t-channel

cross-sections

Distributions of p_(t), [y(t)], p;(j), and
|y(j)] measured at particle-level and
parton-level

[pb]

do

dly(®)

NLO/Data

MC/Data

BOFT T T T T T T T T T T T T T T T
ATLAS (s=8 TeV, 20.2 fb"
tq parton-level e Data
40F — POWHEG-BOX+PYTHIA6 4
2oﬂ_l_l_l_i_|_.>'
o] ORI T T T T T T S S T T ST S S T A
1.5F ]
0.5F - -NLO (MsTW2008) -

1.5 E
1

0.5} - POWHEG-BOX+HERWIG - MG5_aMC@NLO+HERWIG =

0 0.5 1 15 2
Iy(®)l

3; (PPl

do
dly(t

NLO/Data

MC/Data

LY B B L B
ATLAS (s=8 TeV, 20.2 fb’!
30} tq parton-level ® Data
—— POWHEG-BOX+PYTHIA6
20
10,
0 PRI H TR A N AU U S N SR A A
1.5F 3
1=
0.5F - -NLO (MSTW2008) -
1.5F 3
e 1 T
0.5 - POWHEG-BOX+HERWIG -+ MG5_aMC@NLO+HERWIG

0 0.5 1 1.5 2

ly(®)l

N(N)LO/Data

MC/Data

T T T T T T T
ATLAS /s=8 TeV, 20.2 fb’!
tq parton-level ® Data

—— POWHEG-BOX+PYTHIA6

0.5F--NLO (MSTW2008) - NLO+NNLL -

0.5} - POWHEG-BOX+HERWIG = MG5_aMC@NLO+HERWIG ]
0 100 200 300
p(t) [GeV]
T T T T T T T T T
ATLAS /s=8 TeV, 20.2 fb’!
1 tq parton-level ® Data

0.5f-

1.5
1

—— POWHEG-BOX+PYTHIA6

0.5F- - PowHEG-BOX+HERWIG -WMGS_aMC@NLO+HERWIGq

0 100 200 300
p.(t) [GeV]

17



Wt13 TeV

cross-section

First 50 observation of this process was in 8
TeV LHC data by ATLAS and CMS

Primary goal now is to explore Witb vertex in
a new kinematic regime (13 TeV)

Theoretical cross-section (NLO+NNLL):
o) =71.7 £ 1.8 (scale) = 3.4 (PDF) pb

theory

Submitted to JHEP
3.2 fb?

2015

\Vs=13 TeV

18



Wt 13 TeV: event selection

¢ Data 2015
o wit
e tt
Z+jets
Others

Require two charged
leptons and at least 1 jet

Separate based on
number of jets (j) and
b-tagged jets (b): 1j1b,
2j1b, 2j2b

At least one jet with pr > 25GeV, || < 2.5

Data/Pred.

1 4
1j1b 2j1b 2j2b 1j0b 2j0b

Exactly two leptons of opposite charge with pp > 20 GeV,

. .
Va rl O u S ETmISS a n d m” |n] < 2.5 for muons and |n| < 2.47 excluding 1.37 < |5| < 1.52 for electrons

At least one lepton with pr > 25 GeV, veto if third lepton with pt > 20 GeV

cu tS to re d uce Z +j etS At least one lepton matched to the trigger object

Emiss > 50GeV if 80 GeV
Different flavour T~ €Yo I e = ¢

baCkg rO u n d Emiss > 20GeV,  if my > 80 GeV

Emiss > 40 GeV, always
veto, if mge < 40 GeV
Same flavour 4E$isS > bmyy, if 40 GeV < myp < 81 GeV
veto, if 81 GeV < myp < 101 GeV 1 9

2mype + Er}“iss > 300 GeV, if mge > 101 GeV




Wt13 TeV: BDT analysis

1j1b 2j1b
. . . " . -2 5 e
Boosted decision tree trained for 1j1b Vasiable S [107]  Variable S [107’]
: : P (L ER=jy) 53 pe(p10,) 1.7
and 2j1b regions St 3 e 7
T L ' AR(f10, 1] 1.5
Inputs based on momenta, angles of Apr(€ata, PE™) 12 m(f(ljl)z ) 14
1 m|SS pT (EIE%lssjl) 09 A (E E Emiss) 1 4
leptons, jets, ET C(l162) 0.9 pr(t1bs, BX .
APT(EI,E'II‘niSS) 0.8 APT(EDJI) 1.4
BDT discriminant 56 ad) L3
1seriminant . pr (51) . 1 3
o(pr ) (12 EF™ 1) 1.2
—— . 12000 AR(fy,51) 1.2
ATLAS —e— Data 2015 S pT (]2) 0.9
15T ,' - Wt 10000> 42 e e
Vs=13TeV,3.2fb -gﬂets oo ] U(p% )(£1€2ET 31]2) 0.9
- Fakes m(€2j172) 0.3
oser 6000 m(laj1) 0.3
BDT discriminant 10.9

% Total unc.

| [ st e
B PR et sayes
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Aun
-06 04 02 0 02 04 06

|IIII||III||II|I|I||II||I||[I

:7/ :
Parton Shower generator //

JES: flavour composition

Wt 13 TeV: Fitting

Binned maximum likelihood fit to
BDT distribution in 1j1b, 2j1b, and -

total yield in 2j2b

Top pair-enriched bins act as control
regions to constrain parton shower,

Wt ME generator

JES: n intercal. model

initial/final state radiation systematics PDF central value
Most significant systematics are top JES: pllup p
pair model, jet energy scale bet effcency scale fac. 0
—— PFull
ATLAS E =13TeV, 3.2 fb-1 Pre-fit Impact on p
7///A Post-fit Impact on p
IIIIIIIII|IIII|IIII|IIII|IIII
-3 -2 -1 0 1 2 3

©-6,)/A0 21



Wt 13 TeV: Fitting

Binned maximum likelihood fit to
BDT distribution in 1j1b, 2j1b, and
total yield in 2j2b

Top pair-enriched bins act as control

regions to constrain parton shower,
initial/final state radiation systematics

Most significant systematics are top
pair model, jet energy scale

Source Aoy /ow[%]
Jet energy scale 21
Jet energy resolution 8.6
EIiss soft terms 5.3
b-tagging 4.3
Luminosity 2.3
Lepton efficiency, energy scale and resolution 1.3
NLO matrix element generator 18
Parton shower and hadronisation 7.1
Initial- /final-state radiation 6.4
Diagram removal /subtraction 5.3
Parton distribution function 2l
Non-tt background normalisation 3.7
Total systematic uncertainty 30
Data statistics 10
Total uncertainty 31

22



Wt13 TeV: results

T T
ATLAS
Vs=13TeV,3.2fb"

Measured cross-section

agrees well with
NLO+NNLL prediction

Post-fit BDT distributions ! WM%,%W%%WW)WWM %

(]

aISO ShOW gOOd 0.8_‘0'16‘ | OI?BDT i1.j1Ib‘;'r2esp‘c1)rll145Ie 075 | BI%T (2j1b) respclhsse 2j2b yield
agreement with MC
predictions O, = 94 £ 10 (stat.)

28 (syst.)
+ 2 (lumi.) pb
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Summary

Top quark physics
iIn ATLAS has
been an extremely

productive area in
2016-2017

Many new results
still to come with
Run 2 data!

Inclusive cross-section [pb]

10°

t_rhar
-chant

s-channel

" ATLAS+CMS Preliminary LHCtOpWG
I~ Single top-quark production
" November 2016

ATLAS t-channel

PRD20 (2014) 112006, paper in preparation,

arXiv:1609.03920

® CMS t-channel
JHEP12(2012)035, JHEP0S(2014) 090,
arXiv:1610.00678

O ATLAS Wt
PLB716(2012) 142, JHEPO1 (2016) 064,
ATLAS-CONF-2016-065

O CMS Wt

PRL110(2013) 022003, PRL112(2014) 231802

¥ LHC combination, Wt

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,

PLB756 (2016) 228
¥ CMS s-channel

arXiv:1603.02555 95% CL
% 7+8 TeV combined fit 95% CL

------- NNLO PLB736(2014)58

scale uncertainty

....... NLO +NNLL PRD83(2011) 091503,

PRD82(2010)054018, PRD81(2010) 054028

Wt: tt contribution removed
scale ® PDF @ oy uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74

H= 1= Mg,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
Wit pi; veto for t removal=60GeV

and pF:SSGeV
- scale uncertainty

scale @ PDF @ o uncertainty
M= 172.5GeV
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Backup slides
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