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A b s t r a c t :  T he cross-section for th e  p roduc tion  of a single to p  quark  in association  w ith  a 
W  boson in p ro to n -p ro to n  collisions a t yfs  =  8 TeV is m easured. T he d a ta se t corresponds 
to  an  in teg ra ted  lum inosity  of 20.3 fb - 1 , collected by th e  ATLAS d e tec to r in 2012 a t th e  
L arge H adron  Collider a t C ER N . E vents contain ing  tw o lep tons and  one cen tra l b-jet are 
selected. T he W t  signal is separa ted  from  th e  backgrounds using boosted  decision trees, 
each of w hich com bines a num ber of d iscrim inating  variables in to  one classifier. P ro d u c tio n  
of W t events is observed w ith  a significance of 7.7a. T he cross-section is ex trac ted  in a 
profile likelihood fit to  th e  classifier o u tp u t d istribu tions. T he W t  cross-section, inclusive 
of decay m odes, is m easured to  be 23 .0±  1 .3 (sta t.)+ 3 's(sy st.)± 1 .1 (lu m i.) pb. T he m easured 
cross-section is used to  ex trac t a value for th e  CKM  m atrix  elem ent \Vtb\ of 1.01 ±  0.10 
and  a lower lim it of 0.80 a t th e  95% confidence level. T he cross-section for th e  p roduction  
of a to p  q u ark  and  a W  boson is also m easured in a fiducial accep tance requiring  two 
leptons w ith  p T > 25G eV  and \n\ <  2.5, one je t  w ith  p T > 20G eV  and \n\ <  2.5, and 

>  20G eV , including b o th  W t and  to p -q u ark  p a ir events as signal. T he m easured 
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1 In trodu ction

T h e  p ro d u c tio n  of a single to p  q u a rk  a t th e  L arge H adron  Collider (L H C ) proceeds via 
th e  w eak in terac tion  in th e  S tan d ard  M odel (SM ). T h e  th ree  m ain  m odes of single top- 
q u ark  p rod u c tio n  are: t-channel, th e  exchange of a W  boson betw een a light quark  and 
a heavy quark ; s-channel, v ia a v irtu a l W  boson; and  W t,  th e  p rod u c tio n  of a to p  quark  
in association  w ith  a W  boson. Single to p -q u ark  p rod u c tio n  depends on th e  top -q u ark  
coupling to  th e  W  boson, which is param eterised  by th e  form  facto r f LV and  th e  C abibbo- 
K obayashi-M askaw a (CK M ) m atrix  elem ent Vtb [1- 3]. T he cross-section for each of th e  
th ree  p rod u c tio n  m odes is p rop o rtio n a l to  th e  square of \ f LVVtb\ [4 , 5]. Physics beyond 
th e  SM can  co n trib u te  to  th e  single to p -q u ark  final s ta te  and  m odify th e  p rod u c tio n  cross
sections [6 , 7] as well as th e  k inem atic  d istribu tions, for exam ple th ro u g h  a resonance th a t  
decays to  W t [8 , 9].

- 1 -

JH
E

P
01(2016)064



F ig u re  1. Representative leading-order Feynman diagram for the production and decay of a single 
top quark in association with a W  boson.

T he p roduc tion  of single to p  quarks has been observed a t th e  T evatron  pro ton- 
an tip ro to n  collider in th e  t-channel [10, 11] and  s-channel [12- 14], as well as th e ir com bi
n a tio n  [15- 17]. T he W t  process has a sm all expected  cross-section a t th e  T evatron  and 
was no t observed. T he t-channel m ode has been observed by b o th  th e  ATLAS [18, 19] and 
CM S [20, 21] co llaborations a t th e  LHC. T he s-channel m ode has not yet been m easured 
a t th e  LHC because of its  sm all p rod u c tio n  cross-section [22]. Evidence for W t p roduc tion  
was rep o rted  by ATLAS [23] and  CM S [24] in p ro to n -p ro to n  (pp) collisions a t 7 TeV. T he 
observation  of W t p ro d u c tio n  in pp collisions a t 8 TeV has been rep o rted  by CM S [25].

P ro d u c tio n  of W t events proceeds v ia b-quark-induced parton ic  channels such as gb ^  
W t  ^  W - W +b. A leading-order (LO) Feynm an d iagram  in th e  5-flavour-num ber scheme 
(5FNS, considering th e  quarks u, d, s, c, and  b in th e  in itia l s ta te ) is shown in figure 1. 
T he presence of only a single b-quark in th e  final s ta te  represen ts a d istinc tive featu re  
w ith  respect to  th e  W + W - bb final s ta te  of to p -q u ark  p a ir (tt)  p roduction . T he W t final 
s ta te  contains an  add itiona l b-quark in h igher-order Q u an tu m  C hrom odynam ics (Q CD) 
correction  diagram s in th e  5FNS, as well as in th e  leading-order process in th e  4-flavour- 
num ber scheme (4FNS, considering only th e  quarks u, d, s, c in th e  in itia l s ta te ), m aking 
it challenging to  experim entally  sep ara te  W t p rod u c tio n  from  t t  p roduction .

T he theo re tica l p red ic tion  for th e  W t p roduc tion  cross-section a t nex t-to-leading  
o rder (NLO) w ith  nex t-to -nex t-to -lead ing  logarithm ic (NNLL) soft gluon corrections is 
22.37 ±  1.52 pb  [26] a t a centre-of-m ass energy of yfs  = 8  TeV for a to p -q u ark  m ass of 
m t =  172.5 GeV [27]. In  th is  ca lculation, th e  u n certa in ty  on th e  theo re tica l cross-section 
accounts for th e  varia tion  of th e  renorm alisa tion  and  facto risa tion  scale betw een m t /2  
and  2 m t and  for th e  p a rto n  d is trib u tio n  function  (P D F ) uncerta in ties (using th e  90% 
confidence level errors of th e  M STW 2008 NN LO  P D F  set [28]). T his cross-section rep
resents ab o u t 20% of th e  to ta l cross-section for all single to p -q u ark  p roduc tion  m odes 
a t th e  LHC. A second theo re tica l p red ic tion  for th e  W t p roduc tion  cross-section is 
18.8 ±  0.8 (scale) ± 1 .7  (P D F ) pb, com puted  a t NLO w ith  H a th o r v2.1 [29, 30]. T he P D F  
uncerta in ties are ca lcu la ted  using th e  PD F 4L H C  prescrip tion  [31] w ith  th ree  different P D F  
sets (C T 1 0 , M S T W 2 0 0 8 n lo 6 8 c l  [28] and  N N P D F 2 .3  [32]). T he renorm alisa tion  and 
facto risa tion  scales are set to  65 GeV and  th e  b-quark from  in itia l-sta te  rad ia tio n  is required  
to  have a transverse  m om entum  of less th a n  60 GeV.

T his p ap e r presents a m easurem ent of th e  cross-section for W t p roduc tion  in pp col
lisions a t yfs  = 8  TeV, based on th e  analysis of 20.3 fb -1  of d a ta  collected by th e  ATLAS
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d e tec to r in 2012. T he m easurem ent is carried  o u t in th e  d ilep ton  final s ta te  shown in fig
ure 1 w here each W  boson decays to  an  electron  or a m uon and  a n eu trin o  (ev  or p v ). T his 
analysis requires tw o opposite-sign h igh-transverse-m om entum  (px ) leptons (ee, ep, p p ), 
m issing transverse  m om entum  (E™ ss), and  one high-px cen tra l je t, w hich is required  to  
con ta in  a b-hadron (b-jet). T he m ain  background to  th is  s ignatu re  is from  t t  p roduction , 
w ith  sm aller backgrounds com ing from  dibosons (W W , W Z , Z Z ), Z  + je ts , and  events 
w here one or b o th  leptons are m isidentified (fake-lepton events) or non-prom pt. C ontrol 
regions enriched in tb and  o th er background events are also defined. E vents in th e  tb- 
enriched regions fulfil th e  sam e lep ton  and  m issing transverse  m om entum  requirem ents, 
and  have exactly  tw o je ts , w ith  one or b o th  of th e  je ts  required  to  be identified as a b-jet. 
E vents in th e  o th e r background-enriched regions have one or tw o je ts  w hich are required  
to  not be identified as b-jets. T he backgrounds are es tim ated  w ith  sim ulation, except th e  
n on-prom pt or fake-lepton background, w hich is es tim ated  from  d a ta . B oosted  decision 
trees (B D T ) are used to  optim ise th e  d iscrim ination  betw een signal and  background [33]. 
T he cross-section is ex trac ted  using a profile likelihood fit of th e  B D T  response. T he 
background norm alisation  and  th e  system atic  uncerta in ties are constra ined  by sim ultane
ously analysing phase-space regions w ith  su b stan tia l W t signal con tribu tions and  regions 
w here th e  W t con tribu tions are negligible. T he ra tio  of th e  m easured cross-section to  the  
theo re tica l p red ic tion  (which assum es Vtb =  1) is used to  ex trac t a value of \ / LVVtb\.

In  th e  5FNS, th e  W t single to p -q u ark  process overlaps and  interferes w ith  t t  p roduc tion  
a t NLO w here d iagram s involving tw o to p  quarks are p a r t of th e  real em ission corrections 
to  W t p roduc tion  [34, 35]. A ca lcu la tion  in th e  4FNS scheme includes W t and  tb as well as 
n on-top -quark  d iagram s [36] and  th e  interference betw een W t and  tb en ters a lready  a t tree  
level. A m easurem ent of th e  cross-section inside a fiducial acceptance, designed to  reduce 
th e  dependence on th e  th eo ry  assum ptions, is also presented. T he fiducial acceptance 
is defined using physics ob jects  co n stru c ted  of s tab le  partic les to  app rox im ate  th e  W t 
d e tec to r acceptance. T h e  cross-section for th e  sum  of W t and  tb p rod u c tio n  is m easured 
in th is  fiducial acceptance.

T his p ap e r is organised as follows: section 2 provides a brief overview of th e  ATLAS 
d e tec to r and  th e  definition of physics ob jects. Section 3 describes th e  d a ta  and  M onte 
C arlo  sam ples used for th e  analysis. Section 4 describes th e  event selection and  background 
estim ation . Section 5 presen ts th e  p rocedure defined to  d iscrim inate  th e  signal from  th e  
backgrounds using B D T s. T he dom inan t system atic  uncerta in ties are discussed in section 6 . 
Section 7 presents th e  resu lts for th e  inclusive cross-section m easurem ent and  for |Vtb| and 
discusses th e  im pact of system atic  uncerta in ties. Section 8 defines th e  fiducial acceptance 
and  presents th e  fiducial cross-section m easurem ent. Finally, a sum m ary  is presen ted  in 
section 9 .

2 T he A TLA S d etector  and ob ject reconstruction

T he ATLAS d e tec to r [37] is a m ulti-purpose partic le  d e tec to r w ith  a forw ard-backw ard 
sym m etric  cylindrical geom etry  and  a near 4n  coverage in solid ang le .1 ATLAS com prises

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in 
the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre
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an  inner d e tec to r (ID) su rrounded  by a th in  superconducting  solenoid providing a 2 T  axial 
m agnetic  field, a ca lo rim eter system  and  a m uon sp ec tro m eter in a to ro idal m agnetic  field. 
T he ID track ing  system  covers th e  pseudorap id ity  range |n| <  2.5 and  consists of silicon 
pixel, silicon m icrostrip , and  tran s itio n  rad ia tio n  track ing  detecto rs. T he ID  provides 
precise position  and m om entum  m easurem ents for charged partic les and  allows efficient 
identification  of je ts  contain ing  b-hadrons. L ead /liq u id -arg o n  (LAr) sam pling calorim eters 
provide electrom agnetic  (EM ) energy m easurem ents w ith  high g ran u la rity  up  to  |n| =  2.5. 
A had ron  (stee l/sc in tilla to r-tile ) ca lo rim eter covers th e  cen tra l pseudorap id ity  range (|n | <  
1.7). T he end-cap and  forw ard regions are in stru m en ted  w ith  LA r calorim eters for b o th  th e  
EM  and hadron ic energy m easurem ents up to  |n| =  4.9. T he m uon sp ec tro m eter su rrounds 
th e  calorim eters. I t consists of th ree  large air-core to ro id  superconducting  m agnet system s, 
sep ara te  trigger de tec to rs and  high-precision track ing  cham bers providing accu ra te  m uon 
track ing  for |n| <  2.7 and  m uon triggering  for |n| <  2.4.

A three-level trigger system  [38] is used to  select events. T he first-level trigger is 
im plem ented in hardw are and  uses a subset of th e  d e tec to r in form ation  to  reduce th e  event 
ra te  to  less th a n  75 kHz. Tw o softw are-based trigger levels, Level-2 and  th e  E vent F ilter, 
reduce th e  ra te  of Level-1 accepts to  ab o u t 400 Hz on average.

C an d id a te  events are charac terised  by exactly  tw o leptons (ee, ^ ,  e^ ), m issing tra n s 
verse m om entum  EXpiss due to  th e  neu trinos from  th e  lep tonic decays of th e  tw o W  bosons, 
and  a b-jet o rig inating  from  th e  to p -q u ark  decay. E lec tron  cand ida tes are reconstructed  
from  energy clusters in th e  ca lo rim eter which are m atched  to  ID tracks [39]. Selected 
electrons m ust have E x >  25 GeV and |n| <  2.47, excluding th e  b a rre l/en d -cap  tran s itio n  
region of 1.37 <  |n| <  1.52. A h it in th e  innerm ost layer of th e  ID  is required, to  reject 
p h o ton  conversions. E lec tron  cand ida tes are required  to  fulfil ca lorim eter-based  and track- 
based isolation  requirem ents in order to  suppress backgrounds from  hadron  decays. T he 
ca lo rim eter transverse  energy w ith in  a cone of size A R  =  0.2 and  th e  scalar sum  of track  px 
w ith in  A R  of 0.3 around  th e  electron, in each case excluding th e  co n trib u tio n  from  th e  elec
tro n  itself, are each required  to  be sm aller th a n  E x - and  n-dependen t th resho lds ca lib ra ted  
to  give nom inal selection efficiencies of 90% for p rom pt electrons from  Z  ^  ee decays.

M uon cand idates are reconstructed  by com bining m atch ing  tracks reconstructed  in 
b o th  th e  ID and  th e  m uon sp ec tro m eter [40]. Selected m uons have a p x  >  25 GeV and 
|n| <  2.5. A n isolation  crite rion  [41] is applied  in order to  reduce background con tam ination  
from  events in w hich a m uon can d id a te  is accom panied by hadrons. T he ra tio  of th e  sum  of 
p x of add itional tracks in a variable-size cone around  th e  m uon, to  th e  p x of th e  m uon [41], 
is required  to  be less th a n  0.05, yielding a selection efficiency of 97% for p ro m p t m uons 
from  Z  ^  r r  decays.

Je ts  are reconstructed  using th e  a n t i - k  je t  c lustering  algorithm  [42] w ith  a rad ius p a
ram e te r of R  =  0.4, using locally ca lib ra ted  topological c lusters as in pu ts  [43]. J e t  energies 
are ca lib ra ted  using energy- and  n-dependen t correction factors derived from  sim ulation 
and  w ith  residual corrections from  in-situ  m easurem ents [44]. Je ts  are required  to  be re

of the LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, 0) are used in the transverse 
plane, 0 being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar 
angle 0 as y =  — lntan(0/2). Angular separation is measured in units of AR = \J (Ay)2 + (A0)2 .
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co n stru c ted  in th e  range \n\ <  2.5 and  to  have p x >  20 GeV. To reduce th e  con tam ination  
due to  je ts  from  add itional pp in teractions in th e  sam e or neighbouring bunch crossings 
(pileup), tracks orig inating  from  th e  p rim ary  vertex  m ust co n trib u te  a large fraction  to  th e  
scalar sum  of th e  px of all tracks in th e  je t. T his je t  vertex  fraction  (JV F ) [45] is required  
to  be a t least 50% for je ts  w ith  p x <  50 GeV and  \ n \ <  2.4.

To avoid double-counting  ob jects in an  event and  to  suppress lep tons from  heavy- 
flavour decays, overlaps betw een reconstructed  ob jects  are resolved in th e  following order:
(1) je ts  overlapping w ith  a selected electron w ith in  A R  of 0.2 are removed; (2) electrons 
th a t  are w ith in  A R  of 0.4 of a je t  are  removed; (3) events are rejected  if a selected electron 
shares an  ID  track  w ith  a selected muon; and  (4) m uons th a t  are w ith in  A R  of 0.4 of a je t 
are removed.

T he identification  of b-jets relies of th e  long lifetim e of b-hadrons and  th e  topological 
p roperties  of secondary and  te r tia ry  decay vertices reconstructed  w ith in  th e  je t. A com bi
n a tio n  of m u ltivaria te  algorithm s is used to  identify  b-jets (b-tag) [46]. T he b-tag algorithm  
has an  average efficiency of 70% for b-jets from  t t  decays and  an  average m is-tag  ra te  of 
0.8% [47, 48] for ligh t-quark  je ts .

T he m issing transverse  m om entum  (E™ ss) is ca lcu lated  as th e  m agn itude of th e  vector 
sum  over th e  energies of all clusters in th e  calorim eters, and  is refined by applying object- 
level corrections to  th e  con tribu tions arising from  identified electrons, m uons, and  je ts  [49].

3 D a ta  and sim ulated  sam ples

T he d a ta se t used for th is  analysis was collected a t a/ s =  8 TeVin 2012 by th e  ATLAS 
d e tec to r a t th e  LHC, and  corresponds, a fte r d a ta  quality  requirem ents, to  an  in teg ra ted  
lum inosity  of 20.3 fb - 1 . E vents are required  to  have fired e ith e r a single-electron or single
m uon trigger. T he electron and  m uon triggers im pose a px  th resho ld  of 24 GeV, along 
w ith  isolation requirem ents on th e  lepton. To recover efficiency for h igher px  leptons, th e  
isolated  lep ton  triggers are com plem ented by triggers w ithou t iso lation requirem ents, bu t 
w ith  p x th resho lds of 60 GeV and  36 GeV for electrons and  m uons respectively.

Sam ples of signal and  background events are  sim ulated  using various M onte C arlo 
(M C) generators, as sum m arised  in tab le  1. T he generato rs used for th e  estim ation  of 
th e  m odelling uncerta in ties are listed to g e th er w ith  th e  reference sim ulation for th e  W t 
signal and  th e  t i  background. In  add ition , P D F s used by each g en era to r and  th e  p ertu r- 
bative order in QCD of th e  respective calcu lations are provided. All sim ulation  sam ples 
are norm alised to  theo re tica l cross-section predictions. A to p -q u ark  m ass of 172.5 GeV is 
used [27].

T he W t events are sim ulated  using th e  NLO g enera to r P o w H E g -B o x  [50, 51], in ter
faced to  P y t h ia  [52] for p a r to n  showering w ith  th e  P erug ia  2011C set of tu n ed  p aram e
te rs  [53]. In  th e  P o w H E g -B o x  event generato r, th e  CT10 [54] P D F s are used, while th e  
C TEQ 6L1 [55] P D F s are used for P y t h ia . T he generation  of W t events is perform ed in 
th e  5FNS. T he overlap and  in terference betw een W t and  t i  is hand led  using th e  d iagram - 
rem oval scheme (D R ), w here all doubly  resonan t NLO W t diagram s are rem oved [56]. An 
add itional sam ple, generated  w ith  th e  d iag ram -su b trac tio n  scheme (DS), w here th e  cross-
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Process G enerato r P D F N orm alisation

W t
P o w h e g -B ox  v1.0 

+  P y tH ia  v6.426, D R

CT10

C TEQ 6L1

W t t
P o w h e g -B ox  v1.0 

+  P y tH ia  v6.426, DS

CT10

C TEQ 6L1 22.37 pb

W t t
P o w h e g -B ox  v1.0 CT10 (N L O +N N L L )

+  H e r w ig  v6.520.2, D R CT10

W t t
M C @ N L O  v4.06 

+  H e r w ig  v6.520.2, D R

CT10

CT10

t t
P o w h e g -B ox  v1.0 

+  P y tH ia  v6.426

CT10

C TEQ 6L1

t t  t
P o w h e g -B ox  v1.0 

+  H e r w ig  v6.520.2

CT10

CT10

253 pb  

(N N L O +N N L L )

t t  t
M C @ N L O  v4.06 

+  H e r w ig  v6.520.2

CT10

CT10

W W , W Z , Z Z
ALpGEn v2.1.4 

+  H e r w ig  v6.520.2

C TEQ 6L1

CT10

88 pb 

(NLO)

Z ( ^  ee, ^ ,  t t ) +  je ts
ALpGEn v2.1.4 

+  P y tH ia  v6.426

C TEQ 6L1

C TEQ 6L1

3450 pb 

(NNLO)

T ab le  1. Monte Carlo generators used to model the W t signal and the background processes at 
a/ s =  8 TeV. The samples marked with a f are used as alternatives for W t or tt  to evaluate modelling 
uncertainties. DR refers to the diagram-removal scheme and DS to the diagram-subtraction scheme 
to handle the overlap and interference between W t and tt, as discussed in the text.

section co n trib u tio n  from  Feynm an d iagram s con tain ing  tw o to p  quarks is su b trac ted , is 
used to  evaluate  th e  u n ce rta in ty  associa ted  w ith  th e  m odelling of th e  overlap betw een W t 
and  t t  [56]. Tw o a lte rn a tiv e  sam ples are used to  d eterm ine th eo ry  m odelling un ce rta in 
ties: one using M C @ N L O  [57] and  th e  o th er using P o w h e g -B o x ,  b o th  in terfaced to  
H e rw ig  [58], w ith  Jim m y for underly ing-event m odelling [59].

T he dom inan t and  largely irreducible t t  background is sim ulated  w ith  P o w h e g -B o x , 
using th e  CT10 NLO P D F  set, w ith  p a r to n  showering and had ron isa tion  perform ed w ith  
P y tH ia .  T he t t  p roduc tion  cross-section is o ti  =  253+H pb, com puted  a t NNLO in QCD, 
including resum m ation  of NNLL soft gluon term s [60- 66].

Sm aller backgrounds arise from  diboson and  Z + je ts  production . T he ALpGEn LO gen
e ra to r [67], in terfaced to  H e rw ig ,  is used to  generate  d iboson events, w ith  th e  C TEQ 6L1 
P D F  set. D iboson events are norm alised to  th e  NLO pred ic tion  [68]. T he Z  + je ts  back
ground is generated  w ith  ALpGEn, in terfaced to  P y tH ia ,  w ith  th e  C TEQ 6L1 P D F  set. 
T he diboson estim ate  also accounts for lower cross-section diboson processes, including 
H  ^  W W . T he Z + je ts  events are  norm alised to  th e  NNLO pred ic tion  [69].
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T he non-prom pt or fake-lepton background arises from  non-prom pt electrons or m uons 
from  th e  weak decay of m esons events, or from  events w here one or b o th  leptons are mis- 
identified. This background co n trib u tio n  includes th e  t-channel and  s-channel single top- 
q u ark  p rod u c tio n  m odes. T he no rm alisation  and shape of th e  non-prom pt or fake-lepton 
background is determ ined  d irec tly  from  d a ta , using th e  m a trix  m ethod  [70]. In  add ition  
to  events from  th e  signal d a ta  sam ple (labelled as “tig h t” events), a second ( “loose”) set 
enriched w ith  fake lep tons is defined by rem oving th e  lep ton  isolation requirem ent. G iven 
th e  probabilities for real and  fake leptons th a t  a lready  passed th e  loose selection to  also 
pass th e  tig h t selection, th e  num ber of tig h t events w ith  a fake lep ton  is determ ined  from 
a linear system  of equations.

G enerated  events are passed th ro u g h  a sim ulation  [71] of th e  ATLAS d e tec to r based 
on GEAnT4 [72] and  reconstructed  using th e  sam e procedure as for collision d a ta . T he 
a lte rn a tiv e  t t  sam ples used to  evaluate  th eo ry  m odelling uncerta in ties are instead  processed 
w ith  th e  A TLFA ST-II [71] sim ulation , w hich em ploys a p aram eterisa tio n  of th e  response 
of th e  electrom agnetic  and  hadron ic calorim eters, and  GEAnT4 for th e  o th er d e tec to r 
com ponents. T he sim ulations also include th e  effect of m ultip le pp collisions per bunch 
crossing (pileup).

4 E vent selection

T he d ilep ton  selection requires th a t  each event has a h igh-quality  reconstructed  p rim ary  
vertex , w hich m ust be form ed from  a t least five tracks w ith  p x >  0.4 GeV. E ach  selected 
event m ust con ta in  exactly  tw o isolated opposite-sign leptons (e, ^ ) th a t  o rig inate  from  the  
p rim ary  vertex, a t least one of w hich m ust be associated  w ith  a lep ton  th a t  triggered  th e  
event. In  add ition , since th e  W t signatu re  contains a high-px q u ark  from  th e  to p -q u ark  
decay, events are required  to  have e ith er one je t  or two je ts .

E vents from  Z -boson  decays (including Z  ^  ee, Z  ^  ^ ,  and  Z  ^  t t  w ith  t  ^  e or ^) 
are suppressed th ro u g h  requirem ents on th e  invariant m ass of th e  d ilep ton  system  as well 
as on ETpiss and  th e  pseudorap id ity  of th e  lep to n s+ je t(s ) system . E vents contain ing  same- 
flavour leptons (ee or ^ )  are rejected  if th e  invariant m ass of th e  lep ton  pair is betw een 
81 GeV and  101 GeV. E vents are also required  to  have ETpiss >  40 GeV, w ith  th e  th resho ld  
raised to  70 GeV if th e  invariant m ass of th e  lep ton  p a ir is below 120 GeV. E vents contain ing  
one electron and  one m uon are required  to  have E “ iss >  20 GeV, w ith  th e  th resho ld  raised 
to  50 GeV if th e  invarian t m ass of th e  lep ton  pair is below 80 GeV. Since W t events are 
m ore cen tra l th a n  Z  + je ts  events, th e  pseudorap id ity  of th e  system  of b o th  leptons and  all 
je ts , reconstructed  from  th e  vectorial sum  of lep ton  and  je t m om enta, is required  to  be
\ nsys \ <  2 .5 .

E vents are categorised in to  five regions depending  on th e  je t  and  b-tag m ultiplicities. 
T he largest num ber of expected  signal events is in th e  1-jet region w ith  one b-tagged je t, 
while events in th e  tw o-jet regions w ith  one or tw o b-tags are d om inated  by tt .  T hese th ree  
regions are included in th e  cross-section fit. Tw o add itional regions are used to  validate  
th e  m odelling of th e  o th er backgrounds b u t are no t included in th e  fit. O ne-jet and  tw o-jet 
events th a t  have zero b-tagged je ts  com pose th e  0 -tag  contro l regions, w hich are enhanced
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Process 1-jet 1-tag 2-jet 1-tag 2-jet 2-tag 1-jet 0-tag 2-jet 0-tag
Wt
tt
Diboson 
Z +  jets
Non-prompt or fake lepton

1000(140)
4500(700)

40(30)
70(40)
24(15)

610(70)
7600(900)

35(15)
60(40)
27(15)

160(50)
5000(900)

1(1)
7(4)

13(7)

660(100)
2600(400)
1600(500)
2600(1400)

130(70)

290(30)
2660(330)
670(270)
900(500)

80(50)
Total background 
Signal+Background

4600(700)
5600(800)

7700(900)
8300(900)

5000(900)
5200(900)

6900(1400)
7600(1500)

4300(600)
4600(600)

Observed 5585 8371 5273 7530 4475

T ab le  2. Numbers of expected events for the W t signal and the various background processes and 
observed events in data in the five regions, with their predicted uncertainties. Uncertainties shown 
include all sources of statistical and systematic uncertainty, summed in quadrature.

in th e  o th er backgrounds. O bserved yields and  k inem atic  d is trib u tio n s  in th e  0-tag  control 
regions are stud ied  while choosing th e  selection cuts; th e  th ree  regions included in th e  
cross-section fit are no t p a r t of th is  op tim isation  procedure.

T he p red ic ted  event yields for signal and  backgrounds, and  th e ir  uncerta in ties, are 
sum m arised in tab le  2 . U ncerta in ties from  different sources are added  in q u ad ra tu re , not 
tak in g  in to  account possible correlations. M any of th e  sources of system atic  u n certa in ty  
are com m on to  th e  W t signal and  t i  background processes, and  corre la ted  betw een regions 
(see section 6) . T he num bers of events observed in d a ta  and  th e  to ta l p red ic ted  yields are 
com patib le  w ith in  th e  uncerta in ties. T he W t signal com prises 21% of th e  to ta l expected  
event yield in th e  1-jet 1-tag region. T he m ain  background orig inates from  th e  p roduction  
of to p -q u ark  p a ir events, w hich accounts for alm ost 80% of th e  to ta l event yield in th e
1-jet 1-tag region. For th e  o th er regions included in th e  fit, th e  expected  fraction  of signal 
events is sm aller, 9% in th e  2-jet 1-tag region and  3% in th e  2-jet 2-tag  region, w hich is th e  
m ost enriched in ti .  T he o th er backgrounds are sm all in th e  1-jet 1-tag and  2-jet regions 
w here th ey  account for 2% of th e  to ta l event yield. T he 0-tag  contro l regions are enriched 
in o th er backgrounds (diboson, Z + je ts  and  non-prom pt or fake lep ton), w hich co n trib u te  
40-60%  of th e  to ta l event yield.

T he ETpiss d istrib u tio n s  of events in th e  0 -tag  regions are shown in figure 2 to  dem on
s tra te  th e  good m odelling of th e  o th er backgrounds. T he behav iour of th is  d is trib u tio n  
a t low E™ ss values is a result of th e  different requirem ents for sam e-flavour and  opposite- 
flavour leptons. F igures 3 and  4 show th e  d istrib u tio n s of k inem atic  variables of recon
s tru c ted  ob jects for th e  th ree  b-tagged regions. T he d a ta  d is trib u tio n s  are well m odelled 
by th e  background and  signal expecta tions in all regions.

5 A nalysis

T he separation  of th e  W t signal from  th e  d om inan t background from  to p -q u ark  pairs is 
accom plished th ro u g h  th e  use of a B D T  algorithm  [33] in th e  TM VA fram ew ork [73]. 
T he B D T s are tra in ed  separate ly  in th ree  regions, 1-jet 1-tag, 2-jet 1-tag and  2-jet 2- 
tag , using sim ulated  W t events as signal and  sim ulated  t i  events as background. T hree
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Figure 2 . Distributions of the missing transverse momentum Emiss in (a) 1-jet and (b) 2-jet events 
with 0 b-tags. The simulated signal and background contributions are scaled to their expectations. 
The hatched area represents the sum in quadrature of the statistical and systematic uncertainties. 
The last bin includes the overflow.

Figure 3 . Distributions, in the 1-jet 1-tag region, of (a) p t  of the leading lepton (fi), (b) pt  
of the second-leading lepton (^ ) ,  (c) p t  of the jet (ji), and (d) E ^ lss. The simulated signal and 
background contributions are scaled to their expectations. The hatched area represents the sum in 
quadrature of the statistical and systematic uncertainties. The last bin includes the overflow.
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Figure 4 . Distributions of the pT of the leading jet (ji)  and the second-leading jet ( j2) in the (a,b) 
2-jet 1-tag and (c,d) 2-jet 2-tag regions. The simulated signal and background contributions are 
scaled to their expectations. The hatched area represents the sum in quadrature of the statistical 
and systematic uncertainties. The last bin includes the overflow.

equal-size Wt samples are combined to reduce sensitivity to the modelling uncertainties 
and to maximise the number of events available for training: the P o w h eg -B o x + P y th ia  
sample with the DR scheme, the P o w h eg -B o x + P y th ia  sample with the DS scheme, 
and the P ow heg-B ox+H erw ig  sample with the DR scheme. The A d aB o o st boosting 
algorithm is used [74]. This algorithm increases the event weight for mis-classified events 
for consecutive trees in the training. The final BDT is then the weighted average over 
all trees. The list of variables entering the BDT algorithm is chosen based on the power 
to discriminate the Wt signal from the ti background and is derived from a large set 
of kinematic variables that show good agreement between data and MC simulation. The 
number of input variables is a compromise between the achievable discrimination power and 
possible overtraining. As a result of this optimisation procedure, 13, 16, and 16 variables 
are selected for the 1-jet 1-tag, 2-jet 1-tag, and 2-jet 2-tag regions, respectively.

The BDT input variables used in the three regions are explained below and are listed 
in table 3 together with their importance ranking. The objects (denoted oi , . . . ,  on) used 
to define these kinematic variables are the leading- and second-leading lepton (^1 and ^ )  
and jet ( j1 and j 2) as well as ETpiss. The kinematic variables are defined as follows.
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pTys(o1, . . . , o n ), m agn itude  of th e  vector sum  of th e  transverse  m om enta  of 
th e  objects.

•  ^  E T , th e  scalar sum  of transverse  energy of ca lo rim eter cells. For cells associated 
w ith  electrons and  je ts , th e  corresponding  corrections are applied.

•  a  (pTys(o 1 , . . . ,  on )), th e  ra tio  of p^ys to  (H T +  ^  E T), w here H T is th e  scalar sum  of 
th e  transverse  m om enta of th e  ob jects.

•  A pT (o 1 , o2 ), th e  difference in p T betw een th e  tw o objects.

•  A R (o 1 , o2 ), th e  separation  of th e  tw o ob jects  in 0 -n  space.

•  m T (o 1 ,o 2 ), th e  transverse  m ass, given by ^ /2 p T (o 1 )pT (o2)(1 — co sA 0 ).

•  C en tra lity (o 1 , o2 ), th e  ra tio  of th e  scalar sum  of th e  p T of th e  tw o ob jects  to  th e  sum  
of th e ir energies.

•  m (o 1 , o2 ), th e  invariant m ass of th e  system  of th e  tw o objects.

•  m T 2 , w hich contains in form ation  ab o u t th e  presence of th e  tw o neu trinos from  the  
tw o W -boson decays [75- 77]. T he m T 2  algorithm  creates cand ida tes for th e  tra n s 
verse m om enta of th e  tw o neutrinos, w hich m ust sum  to  give th e  m issing transverse 
m om entum . T hese are com bined w ith  th e  m om enta of th e  tw o leptons to  form  th e  
transverse  m ass of tw o can d id a te  W  bosons, w ith  each also fulfilling a W -boson m ass 
constra in t. For each such can d id a te  pair, th e  larger of th e  tw o transverse  m asses is 
kept. T hen  m T 2  is given by th e  sm allest transverse  m ass in all possible can d id a te  
pairs.

•  E /m ( o 1 ,o 2 , 0 3), th e  ra tio  of th e  energy of th e  system  of th e  th ree  ob jects  to  th e  
invarian t m ass of th is  system .

F igure 5 com pares th e  shapes of th e  m ost im p o rtan t variables in th e  1-jet 1-tag region 
for W t and  t t  events and  shows a com parison of th e  d a ta  and  th e  SM predictions. T he m ost 
im p o rtan t variable is pTys( f 1 , f 2 , ETpiss, jO , w hich is sensitive to  th e  unidentified b-quark in 
t i  events. T his variable peaks a t lower values for W t and  has a longer ta il for ti .  T he 
second m ost im p o rtan t variable is th e  separation  of th e  leading lep ton  and  th e  je t, in 0-n 
space. These tw o ob jects o rig inate  from  th e  sam e to p  q u ark  in W t events, leading to  a 
sh arp er peak  th a n  in t i  events. F igure 6 shows th e  m ost im p o rtan t d iscrim inating  variables 
in th e  2-jet regions. Here, th e  p T s d is trib u tio n  also peaks a t lower values for W t th a n  for 
ti ,  b u t th e  d is trib u tio n  is also b roader for W t, resu lting  in a long ta il. T he invariant 
m ass variables are im p o rtan t for 2-jet events, w here half of th e  possible lep ton-je t pairings 
correspond to  th e  ob jects from  th e  decay of one of th e  to p  quarks in t i  events leading to  a 
peak  a t lower invarian t m ass. For W t, only one q u a r te r  of th e  possible pairings of je ts  and 
leptons correspond to  th e  ob jects from  th e  to p -q u ark  decay.

T he B D T  response for th e  th ree  regions is shown in figure 7 . T he W t signal is larger 
a t positive B D T  response values, while th e  t i  background dom inates for negative B D T

- 11 -

JH
E

P
01(2016)064



Variable 1-jet, 1-tag 2-jet 1-tag 2-jet 2-tag
pTys (fi,f2 ,E m iss, j i ) 1

pTys ( ^ 2 , j i ) 7

pTys (^1 ,^ 2) 13

pTys (ji,j2 ) 10 1

pTys ( f j ^ E ^ ) 12 2

pTys (fi,f2 ,E m iss,j i , j2 ) 13

pTys ( f i j i ) 13

a(pTys) (fi,f2 ,E m lss, j i ) 4 5

PT (j2) 8

Apx (^i, ) 8

Apt  ( ( f i ,f2 ,ji) , (Emlss)) 9

Apt  (Emlss, j i ) 9

a p t  (fi,^2, Emlss, j i ) 16

A pt (^2 , j’2) 14

AR ( f i , j i) 2 5

AR (^2,j i) 4 10

AR (^2,j2) 6

AR (^2,j i ) 11

AR (4 / 2) 14

AR ( ( f j ^ j 9

m (^2 , j i ) 10 3 3

m (fi, j'2) 1 4

m (ji, j'2) 2

m (^2, j'2) 7 7

m ( f i , j i ) 8 6

m (fi,f2) 15

m (f2 , j i ,  j'2) 11

m ( f i , f 2 , j i ,  j'2) 15

m T (j'i ,ET?lss) 5

mT2 11

E /m  (fi,f2 , j'2) 16

S  e t 3
Centrality(fi , f 2) 6

Centrality(f i , j i ) 12

Centrality(f 2 , j’2) 12

T ab le  3. Discriminating variables used in the training of the BDT for each region. The number 
indicates the relative importance of this variable, with 1 referring to  the most im portant variable. 
An empty field means tha t this variable is not used in this region.
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Figure 5 . Distributions of the two most im portant BDT input variables for the 1-jet 1-tag region. 
The distributions are shown for (a, b) the p T of the system of the leptons, jet and Emlss and (c, 
d) the A R  between the leading lepton and the jet. Each contribution is normalised to unit area in 
(a, c) and to its expectation in (b, d). The hatched area represents the sum in quadrature of the 
statistical and systematic uncertainties. The last bin includes the overflow.

response values. The BDT range in each region is chosen to ensure sufficient simulation 
statistics in each bin. The BDT separates the signal from the background in all three 
regions, although even for high BDT response values in the 1-jet 1-tag region, there remains 
a large expected background from tt events. The BDT responses from figure 7 are used in 
the profile likelihood fit swith this binning.

6 S ystem atic  uncerta in ties

Systematic uncertainties affect the acceptance estimates for the signal and background 
processes. Some of the systematic uncertainties also affect the shape of the BDT response. 
Experimental sources of uncertainty arise from the modelling of jets, leptons and ETplss.

The impact of the uncertainty in the jet energy scale (JES) on the acceptance and 
shape of the BDT response for W t and tt is evaluated in 22 uncorrelated components, each 
of which can have a pT and n dependence [44, 78]. The largest components are related
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Figure 6 . Distributions of the most im portant BDT input variables in the (a, b) 2-jet 1-tag and 
(c, d) 2-jet 2-tag regions. The distributions are shown for (a, b) the invariant mass of the system 
of the leading lepton and the second-leading jet and (c, d) the p T of the system of the two jets. 
Each contribution is normalised to unit area in (a, c) and to its expectation in (b, d). The hatched 
area represents the sum in quadrature of the statistical and systematic uncertainties. The last bin 
includes the overflow.

to the modelling and the heavy-flavour correction, with an acceptance uncertainty for Wt 
and tt events of 1-2%. The shape uncertainty is taken into account for the JES component 
with the largest impact on the fit result (JES modelling component 1). The jet energy 
resolution uncertainty is evaluated by smearing the energy of each jet in the simulation 
and symmetrising the resulting change in acceptance and BDT response shape [79]. The 
resulting acceptance uncertainty for Wt and tt events is 1-3%, and the shape uncertainty 
is taken into account.

The uncertainties in the modelling of the jet reconstruction and the jet vertex fraction 
requirement are evaluated by randomly discarding jets according to the difference in jet 
reconstruction efficiency between the data and MC simulation and by varying the the 
jet vertex fraction requirement, respectively. These uncertainties have an impact on the 
acceptance for Wt and tt events of less than 1%. They do not change the shape of the 
BDT response.

Further uncertainties arise from the modelling of the trigger, reconstruction, and iden
tification efficiencies for electrons [80] and muons [40], as well as from the modelling of
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Figure 7 . BDT response for (a, b) 1-jet 1-tag, (c, d) 2-jet 1-tag and (e, f) 2-jet 2-tag events. Each 
contribution is normalised to  unit area in (a, c, e) and to its expectation in (b, d, f). The hatched 
area represents the sum in quadrature of the statistical and systematic uncertainties. The first bin 
includes the underflow and the last bin the overflow.

the electron and muon energy scale and resolution [40, 81]. These have an effect on the 
acceptance for Wt and tt events of less than 1%, except for the electron identification un
certainty, which has an acceptance uncertainty for Wt and tt of 2%. These uncertainties 
do not change the shape of the BDT response.
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U ncerta in ties in th e  m odelling of th e  b-tagging efficiency and  m is-tag  ra tes are esti
m ated  from  d a ta  [47, 48]. T hese uncerta in ties depend on th e  je t  flavour and  p T , and  for 
m is-tag  ra tes  also on je t  n. T he u n certa in ty  for b-jets is evaluated  in six com ponents, w ith  
th e  largest com ponent having an  acceptance u n ce rta in ty  for W t and  t i  events of 1-4% , 
depend ing  on th e  analysis region [48]. T he b-tag m odelling uncerta in ties do not change th e  
shape of th e  B D T  response.

T he varia tions in lep ton  and  je t energies are p ropagated  to  th e  E™ ss value. T his 
un ce rta in ty  has add itiona l con tribu tions from  th e  m odelling of th e  energy deposits which 
are no t associa ted  w ith  any reconstructed  ob ject [49]. B o th  an  energy scale and  an  energy 
reso lu tion  com ponent are considered. T he corresponding  acceptance u n ce rta in ty  for W t 
and  t t  events is less th a n  0.3%. T he E™ ss scale com ponent also a lters th e  shape of th e  
B D T  response.

T heoretical uncerta in ties  are evaluated  for th e  signal as well as th e  tti  predictions. 
F igure 8 shows th e  relative shift of th e  B D T  response associated  w ith  four of th e  theo ry  
m odelling uncerta in ties. T he u n ce rta in ty  on th e  W t signal and  th e  tti  background asso
cia ted  w ith  in itial- and  final-sta te  rad ia tio n  (IS R /F S R ) is evaluated  using P o w h e g - B o x  
in terfaced to  P y t h i a .  T he renorm alisa tion  scale associated  w ith  th e  strong  coupling a S 
is varied up and  dow n by a facto r of tw o in th e  m atrix -e lem ent calcu lation  and  a P y t h i a  
P erug ia  2012 tu n e  is used to  create  sam ples w ith  increased and  decreased levels of rad i
a tio n  th a t  are com patib le  w ith  7 TeV ATLAS d a ta  [82]. For ti ,  th e  h d am p  p a ram ete r of 
P o w h e g - B o x  [51], w hich affects th e  am ount of QCD rad ia tion , is varied to g e th er w ith  
IS R /F S R . T his u n ce rta in ty  is tre a ted  as uncorre la ted  betw een W t and  t t  events. F igure 8 
shows th a t  th is  u n ce rta in ty  has a large effect on th e  acceptance and  also a lters th e  shape 
of th e  B D T  response.

T he u n ce rta in ty  associa ted  w ith  th e  NLO m atch ing  m ethod  is evaluated  by com paring  
P o w h e g - B o x  w ith  M C @ N L O , b o th  in terfaced to  H e rw ig .  F igure 8 shows th a t  th is  
un ce rta in ty  has a dependence on th e  shape of th e  B D T  response. For W t p roduction , th e  
largest im pact of th is  u n ce rta in ty  is to  shift events betw een th e  1-jet 1-tag and  2-jet 2-tag  
regions. For t i  events, th e  im pact of th is u n ce rta in ty  is on th e  acceptance, w here it is
11-12% . T his u n ce rta in ty  is tre a te d  as corre la ted  betw een W t and  t t  events.

T he u n ce rta in ty  associa ted  w ith  th e  m odelling of th e  had ron isa tion  and  p a rto n  shower 
is evaluated  by com paring  sam ples w here P o w h e g -B o x  is in terfaced w ith  P y t h i a  to  those 
w here it is in terfaced w ith  H e rw ig .  T his u n ce rta in ty  a lters th e  shape of th e  B D T  response.

For th e  W t signal, th e  u n ce rta in ty  associated  w ith  th e  scheme used to  remove overlap 
w ith  t t  is evaluated  by com paring  th e  tw o different schemes: th e  nom inal sam ple, generated  
w ith  th e  D R  scheme, is com pared  to  a sam ple generated  w ith  th e  DS scheme. T he relative 
shift of th e  B D T  response is shown in figure 8 . T he relative shift of th is  u n certa in ty  
is ab o u t 5% in th e  signal region for 1-jet 1-tag events, and  grows to  large values in the  
background-dom inated  region for 2-jet events, w here its evaluation  is lim ited by sim ulation  
s ta tis tic s  and  th e  p red ic ted  event yield is very small. T his u n ce rta in ty  alters th e  shape of 
th e  B D T  response.

T he evaluation  of th e  P D F  u n ce rta in ty  follows th e  P D F 4L H C  prescrip tion  [31] using 
th ree  different P D F  sets (C T 1 0 , M S T W 2 0 0 8 m o 6 8 c L  [28] and  N N P D F 2 .3  [32]). T he
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Figure 8 . Relative shift of the BDT response associated with systematic variations of ISR/FSR, 
NLO matching method, DR/DS and hadronisation for (a) 1-jet 1-tag, (b) 2-jet 1-tag, and (c) 2-jet 
2-tag events. DR refers to  the diagram-removal scheme, DS to the diagram-subtraction scheme.

uncertainty on the acceptance for Wt and ti events is evaluated in each of the three analysis 
regions. The PDF uncertainty is considered correlated between Wt and tt events, except 
for ti 1-jet events, for which it is considered to be uncorrelated. The PDF uncertainty com
ponents that affect the ti acceptance in this region differ from the uncertainty components 
that affect the ti acceptance in the other regions [83].

The normalisation of the ti background has an uncertainty of 6% [65, 66]. The diboson 
background process has an uncertainty of 30% for 1-jet events and 40% for 2-jet events [84], 
which is treated as uncorrelated between different regions. The Z +jets and non-prompt or 
fake-lepton backgrounds have normalisation uncertainties of 60% to account for possible 
mismodelling of the jet multiplicity and the acceptance of these small backgrounds [85, 
86]. The Z +jets and non-prompt or fake-lepton normalisation uncertainties are treated as 
uncorrelated between background sources and regions.

The uncertainty on the integrated luminosity is 2.8%. It is derived, following the same 
methodology as that detailed in ref. [87], from a preliminary calibration of the luminosity 
scale derived from beam-separation scans performed in November 2012. The luminosity 
uncertainty enters in the extraction of the cross-section as well as in the normalisation
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of th e  background processes th a t  are norm alised to  th eo ry  predictions. T he s ta tis tica l 
un ce rta in ty  due to  th e  finite size of th e  sim ulation sam ples is also tak en  in to  account.

7 R esu lts

7.1 M easu rem en t o f  th e  in c lu sive  cross-sec tion

A profile likelihood fit to  th e  B D T  classifier d is trib u tio n s  is perform ed, using th e  R ooS ta ts  
softw are [88, 89], in order to  d eterm ine th e  inclusive W t cross-section, u tilising  th e  1-jet 
1-tag, 2-jet 1-tag, and  2-jet 2-tag  regions. T he inclusion of th e  2-jet regions provides 
add itiona l signal sensitiv ity  and  also helps to  co n stra in  th e  ttt  background norm alisation  
and  system atic  uncertain ties.

T he binned  likelihood function  is construc ted  as th e  p ro d u c t of Poisson p robab ility  
te rm s over all bins considered in th e  analysis. T his likelihood depends on th e  signal-streng th  
p a ram ete r / ,  w hich is a m ultip licative facto r on th e  unconstra ined  W t yield prediction. 
N uisance p aram eters  (denoted  9) are  used to  encode th e  effects of th e  various sources 
of system atic  u n ce rta in ty  on th e  signal and  background expectations. T hese nuisance 
p aram eters  are im plem ented in th e  likelihood function  w ith  m ultip licative G aussian  or 
log-norm al co n stra in ts  w ith  m ean 90 and  s tan d a rd  dev ia tion  A 9. T he likelihood is th en  
m axim ised w ith  respect to  th e  full set of /  and  9 p aram eters . T he values of these param eters  
a fte r m axim isation  are referred to  as / ,  9, and  A9.

T he expected  cross-section is ob ta ined  from  a fit to  th e  so-called Asim ov d a ta se t [90], 
w ith  th e  signal and  all backgrounds scaled to  th e ir  p red ic ted  sizes [26]. T he ex
pec ted  m easurem ent is / exp =  1 .0 0 - ° } 7 . T he observed resu lt for th e  signal
s tren g th  is / obs =  1 .0 3 -°-7 , w hich corresponds to  a m easured cross-section of 
23.0 ±  1.3 ( s ta t .)+ 3 ' 5 (syst.) ±  1.1 (lum i.) pb. Including  system atic  uncerta in ties, th e  ob
served (expected) significance of th e  signal com pared  to  th e  background-only  hypothesis is 
7.7 (6.9) s tan d a rd  deviations, ob ta ined  using an  asym pto tic  app rox im ation  [90].

T he post-fit (pre-fit) effect of each ind ividual system atic  u n ce rta in ty  on /t is calcu lated  
by fixing th e  corresponding  nuisance p aram ete r a t 9 +  A 9 (9 +  A 9), and perform ing
th e  fit again. T he difference betw een th e  defau lt and  th e  m odified / ,  A / ,  represen ts th e  
effect on /  of th is  p a rticu la r uncertain ty . T he pull ((9 — 9o)/A 9), and  th e  pre-fit and 
post-fit im pacts for th e  nuisance p aram eters  w ith  th e  largest im pact on /  are shown in 
figure 9 . Since th e  to ta l num ber of observed events in th e  2-jet regions is ab o u t 14000, 
w ith  a W t signal fraction  of ab o u t 6%, th e  nuisance p aram eters  th a t  have a ttt  acceptance 
un ce rta in ty  of m ore th a n  ab o u t 2% can  be constra ined  in th e  fit. T his applies to  th e  
je t  energy resolution and t t  no rm alisation  uncerta in ties, am ongst o thers. T he E “ lss scale 
un ce rta in ty  has a shape dependence in th e  1-jet 1-tag region for W t and  t t ,  w hich resu lts 
in th e  corresponding  nuisance p aram eter being shifted b u t no t m uch constra ined . T he 
th eo ry  m odelling uncerta in ties due to  IS R /F S R , D R /D S , and  NLO m atch ing  m ethod  have 
large pre-fit and  post-fit im pacts. T he nuisance p aram ete r for IS R /F S R  W t is shifted 
and  constra ined  in th e  fit due to  its B D T  response shape dependence, shown in figure 8 . 
T his u n ce rta in ty  has th e  largest im pact on / ,  b o th  pre-fit and  post-fit. T he IS R /F S R  t t  
un ce rta in ty  has a sm aller post-fit im pact on /t and is constra ined  due its acceptance and
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F ig u re  9. Effect on the uncertainty on the fitted value of the signal strength /  (A f) and pull of 
the dominant nuisance parameters, ordered by their impact on / .  The shaded and hashed areas 
refer to the top axis: the shaded bands show the initial impact of th a t source of uncertainty on the 
precision of / ;  the hatched areas show the impact on the measurement of tha t source of uncertainty, 
after the profile likelihood fit, at the ±1<r level. The points and associated error bars show the pull 
of the nuisance parameters and their uncertainties and refer to the bottom  axis. A mean of zero and 
a width of 1 would imply no constraint due to the profile likelihood fit. Only the 11 uncertainties 
with the largest impact on /  are shown.

shape dependence. In a test where the ISR/FSR uncertainty is considered to be correlated 
between Wt and tt events, the expected uncertainty on t  is reduced to ±0.16. The nuisance 
parameter for the NLO matching method uncertainty is constrained by the tt background 
because of the large acceptance component and shape dependence of the NLO matching 
method uncertainty.

Table 4 summarises the contributions from the various sources of systematic uncer
tainty to the uncertainties on the observed fit result. The total uncertainty in the table 
is the uncertainty obtained from the full fit, and is therefore not identical to the sum in 
quadrature of the components, due to correlations that the fit induces between the uncer-
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U ncerta in ty Im pac t on f  [%]
S ta tis tica l ± 5 .8
L um inosity ± 4 .7
T heory  m odelling

IS R /F S R +8.2
-9.4

H adron isation ± 1 .7
NLO m atch ing  m ethod ±2 .5
P D F ± 0 .6
D R /D S +2.2

-4.8
D etec to r

Je t +9.0
-9.9

L epton ± 3 .0
zumissE t ±5 .5
b-tag ± 1 .0

B ackground norm . +2.9
-2.6

T otal +16
-17

T ab le  4. Summary of the relative uncertainties on the W t cross-section measurement. Detector 
uncertainties are grouped into categories. All sources of uncertainty within a category are added 
in quadrature to obtain the category uncertainty.

ta in ties. T he largest con tribu tions to  th e  cross-section u n ce rta in ty  are from  th e  m odelling 
of IS R /F S R  and  from  th e  je t energy reso lu tion  and  scale.

T he B D T  response for each region is shown norm alised to  th e  fit resu lt in figure 10. 
T he dependence of th e  cross-section on th e  to p -q u ark  m ass is evaluated  using W t and  t t  
sim ulation  sam ples w ith  various to p -q u ark  m asses. T h e  cross-section depends linearly  on 
th e  to p -q u ark  m ass due to  changes in acceptance, w ith  a slope of 1.11 pb/G eV .

7.2 C on stra in ts on  |fLvVtb| and |Vtb|

T he inclusive cross-section m easurem ent provides a d irec t d e term in a tio n  of th e  m agnitude 
of th e  CK M  m atrix  elem ent Vtb. T he ra tio  of th e  m easured cross-section to  th e  theo re tical 
p red ic tion  is equal to  | / LVVtb | 2, w here th e  form  fac to r / LV could be m odified by new physics 
or rad ia tive  corrections th ro u g h  anom alous coupling con tribu tions, for exam ple those in 
refs. [3 , 91, 92]. T he W t p roduc tion  and  to p -q u ark  decays th ro u g h  |Vt s | and  |Vtd | are 
assum ed to  be small. A lower lim it on |Vtb| is ob ta ined  for / LV =  1 as in th e  SM, w ithou t 
assum ing CK M  u n ita rity  [5 , 93]. A n add itional system atic  u n ce rta in ty  due to  a varia tion  
of th e  to p -q u ark  m ass by 1 GeV is included in th e  Vtb ex trac tio n . T he uncerta in ties  on th e  
theo re tica l cross-section due to  th e  varia tion  of th e  renorm alisa tion  and  facto risa tion  scale 
(0.6 pb), th e  P D F  u n ce rta in ty  (1.4 pb), and  th e  beam -energy u n ce rta in ty  [94] (0.38 pb) 
are also accounted for.

T he value for | / LVVtb| is ex trac ted  from  th e  | / LVVtb|2 likelihood, w hich is assum ed to  
be G aussian . T he lower lim it on |Vtb|2 corresponds to  95% of th e  in tegral of th is  likelihood,
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(c)

F ig u re  10. Distribution of the post-fit BDT response for (a) 1-jet 1-tag, (b) 2-jet 1-tag, and (c) 
2-jet 2-tag events. The signal, backgrounds and uncertainties are scaled to the fit result. The first 
bin includes the underflow and the last bin the overflow.

se ttin g  / l v  =  1 and  s ta rtin g  a t 1. T he m easured value of \ / LVVtb\ is 1.01 ±  0.10, and  th e  
corresponding  lower lim it on \ Vtb\ a t  th e  95% confidence level is 0.80.

8 C ross-section  m easurem ent inside a fiducial acceptance

T he cross-section for th e  p ro d u c tio n  of events con tain ing  a to p  q u ark  and  a W  boson 
is m easured in a fiducial region to  allow a m ore robust com parison to  th e  theo re tica l 
p red ic tion  w ith o u t ex trap o la tin g  to  regions outside of th e  d e tec to r acceptance. T he fiducial 
m easurem ent reduces th e  sensitiv ity  of th e  cross-section to  theo ry  m odelling uncertain ties. 
T he m easurem ent can also be com pared  to  particle-level p red ic tions for th e  inclusive W W b  
and  W W bb processes a t NLO, once those calcu lations becom e available [36, 95]. T he 
fiducial acceptance requires tw o leptons and  exactly  one b-jet a t th e  partic le  level. This 
encom passes not only W t p rod u c tio n  b u t also ttt  p roduc tion  w here one of th e  b-quarks 
from  th e  to p -q u ark  decays is no t in th e  particle-level acceptance. T he fiducial cross-section 
is m easured by fitting  th e  sum  of th e  W t and  t t  con tribu tions to  d a ta  in th e  1-jet 1-tag 
region. C ontrol regions are no t used in th e  fit.
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Particle-level D etector-level selection
Process selection in-fiducial out-of-fiducial
W t 4200(100) 810(160) 230(40)
t t 12 000(2000) 2400(500) 2100(400)

T ab le  5. Number of expected events at the particle-level and for the detector-level selection for 
W t and tt. The uncertainty for the particle-level includes ISR/FSR, NLO matching method, and 
for W t also hadronisation, all added in quadrature. The uncertainty for the detector-level selection 
includes all sources of uncertainty, added in quadrature.

8.1 F id u cia l se lec tio n

T he definition of th e  fiducial acceptance is based on MC sim ulation  and  uses particle-level 
physics ob jects  co n stru c ted  of s tab le  partic les w ith  a m ean lifetim e t  >  0.3 x 10- i0 s. 
E lectrons and m uons are required  to  o rig inate  from  W -boson  decays, e ith e r d irec tly  or 
v ia  leptonically  decaying t  leptons. T he p T of each of th e  leptons is corrected  by adding  
th e  energy and  m om entum  of pho tons inside a cone of size A R  =  0.1 a round  th e  lepton 
d irection. E lectrons and  m uons are required  to  have p T >  25 GeV and  |n| <  2.5. Je ts  
are clustered  from  partic les using th e  a n t i - k  algorithm  w ith  rad ius p aram ete r R  =  0.4. 
N eutrinos, electrons and  m uons from  W -boson decays as well as partic les resu lting  from 
pileup are excluded from  je t clustering. P artic les from  th e  underly ing  event are included. 
T he particle-level je ts  are required  to  have p T >  20 GeV and  |n| <  2.5 and  are m atched  
w ith  nearby  b-hadrons w ith  a p T of a t least 5 GeV using th e  ghost tagg ing  m ethod  [96]. 
Je ts  w ith in  A R  =  0.2 of th e  nearest e lectron are rem oved from  th e  list. Following th a t, 
electrons and  m uons w ith in  A R  =  0.4 of th e  nearest je t are removed. M issing transverse  
m om entum  is calcu lated  using neu trinos from  W -boson decays. T he W t and  t t  events pass 
th e  fiducial selection if th ey  have exactly  tw o leptons, exactly  one b-jet and  E™ ss >  20 GeV. 
T he num bers of sim ulated  W t and ttt  events passing th is  fiducial selection are shown in 
tab le  5 , and  W t p roduc tion  con tribu tes 26% of these particle-level events.

S im ulated  W t and  t t  events th a t  satisfy  th e  detector-level selection crite ria  are sepa
ra ted  in to  tw o categories: in-fiducial (satisfying th e  fiducial selection crite ria) and  out-of- 
fiducial (the  rest). Table 5 shows th e  num ber of events for W t and  t t  in each category. T he 
W t co n trib u tio n  is 25% of th e  in-fiducial events, b u t only 10% of th e  out-of-fiducial events. 
T he out-of-fiducial events th a t  pass th e  detector-level selection typ ically  have tw o or m ore 
particle-level je ts , only one of which is also reconstructed  a t th e  d e tec to r level. T hus th e  
t t  co n trib u tio n  to  th e  out-of-fiducial events is larger.

8.2  S y stem a tic  u n certa in ties

T he sources of system atic  u n ce rta in ty  in th e  inclusive cross-section m easurem ent are also 
considered for th e  fiducial m easurem ent. T he ob ject reconstruction  and  background- 
no rm alisation  uncerta in ties also app ly  in th is  m easurem ent (except th e  ttt  no rm alisation  
uncertain ty , as discussed below). For in-fiducial events, a varia tion  in th e  theo ry  m od
elling uncerta in ties (D R /D S , IS R /F S R , had ron isa tion , N L O  m atch ing  m ethod , and  P D F ) 
changes th e  detector-level and  fiducial acceptances in th e  sam e d irection, w hich reduces th e

- 22 -

JH
E

P
01(2016)064



U ncerta in ty Im p ac t on [%]
S ta tis tica l 1.0
L um inosity 3.1
T heory  m odelling

IS R /F S R 4.2
H adron isation 0.8
NLO m atch ing  m ethod 0.7
P D F i0.1
R a tio  W t / t i 2.2
D R /D S 0.1

D etecto r
Je t 5.2
L epton 2.3
zu miss E t 0.2
b-tag 2.3

B ackground norm . <  0.1
T otal 8.2

T ab le  6. Summary of the uncertainties on the observed fit result for the fiducial cross-section. 
Detector uncertainties are grouped into categories. All sources of uncertainty within a category are 
added in quadrature to obtain the category uncertainty.

im pact of these uncerta in ties. Since th is  does no t affect out-of-fiducial events, these theo ry  
m odelling uncerta in ties are tre a ted  as uncorre la ted  betw een in- and  out-of-fiducial events.

An add itional u n ce rta in ty  accounts for th e  relative fractions of W t and  t i  due to  th e  
un ce rta in ty  on th e  theo re tica l predictions. T he fraction  of each ty p e  of signal is allowed to  
vary  w ith in  th e ir theo re tica l predictions, keeping th e  sum  constan t.

8.3  R e su lts

T he fiducial cross-section is m easured in a profile likelihood fit to  d a ta  in th e  1-jet 1-tag 
region. In-fiducial and  out-of-fiducial W t and  t i  events are scaled by th e  sam e cross-section 
scale facto r in th e  fit. T he m easured fiducial cross-section for W t and  t t  p roduc tion  
is 0.85 ±  0.01 (s ta t.)+ °  '°7 (syst.) ±  0.03 (lum i.) pb, which corresponds to  a to ta l u n certa in ty  
of 8%. T he expected  u n certa in ty  is also 8%. T he im pact of th e  system atic  uncertain ties 
on th is  m easurem ent is sum m arised in tab le  6 . T he relative uncerta in ties are sm aller in 
th e  fiducial m easurem ent th a n  in th e  inclusive m easurem ent (cf. tab le  4) because b o th  W t 
and  t i  events are considered signal and  because of th e  definition of th e  fiducial acceptance. 
T he only exception is th e  b-tag uncertain ty , w hich is larger in th e  fiducial m easurem ent 
because only 1-jet 1-tag events are used in th e  fit.

T he m easured fiducial cross-section is com pared to  theo re tica l p red ictions for th e  sum  
of th e  fiducial W t and  t i  cross-sections in figure 11. T he u n ce rta in ty  on th e  th eo ry  predic
tions accounts for scale and  P D F  con tribu tions. T he M STW 2008 and  N N P D F 2.3  predic
tions are ob ta in ed  by re-w eighting th e  sim ulated  M c @n lo  sam ple. T he upperm ost resu lt
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F ig u re  11. Comparison of the measured fiducial cross-section to theoretical predictions in a fiducial 
acceptance requiring two leptons with p T > 25 GeV and |n| < 2.5, one je t with p T > 20 GeV and 
|n| < 2.5, and Emiss > 20 GeV. The predictions are computed at NLO accuracy for the fiducial 
acceptance and the inclusive cross-section, except for the top line, for which the inclusive cross
sections for W t and t t  are computed at NLO+NNLL and NNLO+NNLL accuracy, respectively.

for the predicted fiducial cross-section is based on the fiducial acceptances and the sample 
normalisation utilised in this analysis. The fiducial acceptances are computed from the 
nominal P o w h eg -B o x + P y th ia  samples. The Wt and ti cross-sections are normalised to 
their NLO+NNLL and NNLO+NNLL predictions, respectively. The other results utilise 
the theoretical cross-sections as computed by the respective generator.

9 C onclusion

The inclusive cross-section for the production of a single top quark in association with 
a W boson has been measured in proton-proton collisions at a centre-of-mass energy of 
8 TeV, using dilepton events from 20.3 fb-1 of data recorded by the ATLAS detector at the 
LHC. Wt production is observed with a significance of 7.7 ct. The measured cross-section is

23.0 ±  1.3 (stat.)-35 (syst.) ±  1.1 (lumi.) pb ,
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in agreem ent w ith  th e  N L O + N N L L  expecta tion . T he m easured cross-section is used to  
ex tra c t a d irec t m easurem ent of th e  left-handed  form  facto r tim es th e  CK M  m atrix  elem ent 
\ / LVVtb\ of 1.01 ±  0.10. T he lower lim it on \V b\ is 0.80 a t th e  95% CL, w ith o u t assum ing 
u n ita rity  of th e  CKM  m atrix . T he cross-section for th e  p roduc tion  of a W  boson and  a 
to p  q u ark  (including W t and  ttt ) has also been m easured in a fiducial accep tance requiring 
tw o leptons w ith  p T >  25 GeV and  \n\ <  2.5, one je t w ith  p T >  20 GeV and \n\ <  2.5, and 
ETpiss >  20 GeV. T he fiducial cross-section is

0.85 ±  0.01 (stat.)+ 0  q6 (syst.) ±  0.03 (lum i.) p b . 
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