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Top quark Production
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Physics
Outline:	  focus	  on	  recent	  measurements

• Top	  quark	  pair	  production	  cross	  sections	  from	  Tevatron	  and	  LHC

• Total	  inclusive

• Differential

• tt+bb

• Associated	  Production	  of	  top	  quarks	  with	  a	  boson

• except	  for	  Higgs	  (see	  Higgs	  talk)

• Single	  top	  quark	  production	  from	  Tevatron	  and	  LHC

You	  are	  
here

Some	  results	  are	  
shown	  here	  for	  
the	  first	  time	  (or	  
very	  very	  recent)!

2

8	  TeV	  results	  use	  the	  full	  
dataset	  (~20	  X-‐1)!



Physics
Top	  quark	  is	  so	  heavy!

•May	  be	  not	  a	  normal	  quark…

•Top	  decays	  before	  it	  feels	  non-‐perturbative	  
strong	  interaction

•	  LHC	  is	  a	  top	  quark	  factory:	  at	  13	  TeV	  about	  2	  
tops	  every	  second!

•Studying	  top	  production	  is	  crucial	  to	  the	  LHC	  
programme:	  
• 	  Detailed	  measurements	  of	  QCD,	  EWK

• 	  Probe	  couplings	  to	  Higgs,	  W,	  Z,	  γ

• 	  3rd	  generation	  models	  within	  BSM

• 	  Significant	  background	  to	  searches	  and	  Higgs
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Physics
How	  the	  top	  quark	  decays

(not inc. τ) BR background
dilepton ~5% low
lepton + jets ~30% moderate
all hadronic ~44% high

Jets

Leptons

b-‐jets

ET
missing
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Top	  anti-‐top	  quark	  total	  inclusive	  cross	  sections
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Physics
Top	  anti-‐top	  quark	  production

ŝ = xi s ⋅ x j s ≥ (2mt )
2

xi ≈
2mt

s

x qq vs gg cross section ± scales ± pdf
Tev 1.96 TeV 0.18 90% vs 10% 7.164 pb ~2% ~2%
LHC 7 TeV 0.048 15% vs 85% 172.0 pb ~3% ~3%
LHC 8 TeV 0.043 12% vs 88% 245.8 pb ~3% ~2.5%
LHC 14 TeV 0.025 10% vs 90% 953.6 pb ~3% ~2%

1303.6254NNLO+NNLL

mt=173.3	  GeV,	  MSTW2008nnlo68cl	  
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Physics
tt	  inclusive	  cross	  section	  at	  1.96	  TeV

• l+jets:	  fit	  the	  topological	  MVA	  distribution

• 30	  variables	  for	  each	  lepton	  type	  and	  number	  of	  jet	  bins	  into	  a	  BDTG

• dilepton:	  fit	  the	  b-‐tag	  MVA	  distribution	  

σ = 7.73± 0.13 (stat.)± 0.55 (syst.) pb

6453-‐CONF7

7.3%

5.4%



Physics
tt	  inclusive	  cross	  section	  at	  7	  and	  8	  TeV

8

• eμ	  channel	  with	  full	  integrated	  luminosity

• binned	  likelihood	  fit	  to	  12	  distributions,	  including	  
nuisance	  parameters	  for	  systematics	  

• obtain	  fiducial	  cross	  section,	  pole	  top	  mass,	  stop	  
quark	  limit

CMS	  PAS	  TOP-‐13-‐004

least	  energetic	  additional	  non	  b-‐tagged	  jet

Rtt =1.41±0.06  (Rtt
nnlo =σ 8 /σ 7 =1.430±0.006)



Physics
tt	  total	  inclusive	  cross	  section	  at	  7	  TeV
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 [pb]ttσ

50 100 150 200 250 300 350

ATLAS+CMS Preliminary  = 7 TeV   s summary, 
tt

σ 

(*) Superseded by results shown below the line

WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± 
tt

σ

Effect of LHC beam energy uncertainty: 3.3 pb 
(not included in the figure)

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 

ATLAS, dilepton (*) -1=0.7 fbintL pb 7−
 8+   11−

 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 

ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−
 8+ 3 ±177 

CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 

CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 

CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 

CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 

LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 

, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 
miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 

+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
 60+ 12 ±168 

+lhadτATLAS, -1=4.6 fbintL 3 pb± 23 ± 9 ±183 

CMS, l+jets -1=2.2-2.3 fbintL 4 pb± 10 ± 2 ±158 

µCMS, dilepton e -1=5.0 fbintL 3.8 pb±  4.0−
 4.5+ 2.1 ±174.5 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 

+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

3.6%

3.5%



Physics
tt	  total	  inclusive	  cross	  section	  at	  8	  TeV
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 [pb]ttσ

100 150 200 250 300 350 400

ATLAS+CMS Preliminary  = 8 TeV   s summary, 
tt

σ WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

(lumi)±(syst) ±(stat) ± ttσ

Effect of LHC beam energy uncertainty: 4.2 pb 
(not included in the figure)

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1=20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS prel., lepton+jets
CMS-PAS TOP-12-006, -1=2.8 fbintL

 10 pb±  26−

 29+ 9 ±228 

hτCMS, lepton+
PLB 739 (2014) 23, -1=19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, -1=20.3 fbintL

 7.5 pb± 5.5 ± 1.7 ±242.4 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1=5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016, 

-1=5.3-20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS prel., dilepton e
CMS-PAS TOP-13-004, -1=19.7 fbintL

 6.5 pb±  5.5−

 6.6+ 1.3 ±245.6 

CMS, all jets
CMS TOP-14-018, -1=18.4 fbintL  7.2 pb± 37.8 ± 6.1 ±275.6 

3.5%

3.8%

3.9%



Physics
tops	  at	  13	  TeV!

pT	  =	  140	  GeV

pT	  =	  170	  GeV
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Physics
tt	  inclusive	  cross	  section	  at	  13	  TeV

ATLAS CMS

 e
±µ

ATLAS-‐CONF-‐2015-‐033
78	  pb-‐1

lep	  pT	  >	  25GeV
jet	  pT	  >	  25GeV
1	  and	  2	  b-‐tags	  

(70%	  eff,	  440	  light	  jet	  rejection)
main	  background:	  tW	  single	  top

CMS	  PAS	  TOP-‐15-‐003
42	  pb-‐1

lep	  pT	  >	  20GeV
jet	  pT	  >	  30GeV

≥	  2jets
main	  background:tW	  single	  top

and	  Non-‐W/Z	  leptons

12



Physics
tt	  total	  inclusive	  cross	  section	  at	  13	  TeV

13

13.5%

16.4%

15.9%

15.3%

16.7%

σ  (NNLO+NNLL)= 832−46
+40  (PDF, αs ,  scales) pb

 [pb]ttσ

400 600 800 1000 1200

ATLAS+CMS Preliminary  = 13 TeV   s summary, 
tt

σ WGtopLHC Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
 = 172.5 GeVtopm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total   stat

(lumi)±(syst) ±(stat) ± ttσ

* Preliminary

 *µATLAS, dilepton e
ATLAS-CONF-2015-049 -1=78 pbintL

 83 pb± 56 ± 50 ±829 

 *µµATLAS, dilepton ee/
ATLAS-CONF-2015-049 -1=85 pbintL

 74 pb± 79 ± 57 ±749 

ATLAS, l+jets *
ATLAS-CONF-2015-049 -1=85 pbintL

 88 pb± 103 ± 13 ±817 

 *µCMS, dilepton e
CMS-PAS TOP-15-003 -1=42 pbintL

 93 pb± 62 ± 60 ±772 

CMS, l+jets *
CMS-PAS TOP-15-005 -1=42 pbintL

 100 pb± 84 ± 27 ±836 



Physics
tt	  inclusive	  cross	  section	  at	  13	  TeV
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ATLAS+CMS Preliminary Sep 2015

* Preliminary

)-1Tevatron combined* 1.96 TeV (L=8.8 fb
)-1 7 TeV (L=4.6 fbµATLAS e

)-1* 7 TeV (L=5 fbµCMS e
)-1 8 TeV (L=20.3 fbµATLAS e

)-1* 8 TeV (L=19.7 fbµCMS e
)-1* 8 TeV (L=5.3-20.3 fbµLHC combined e

)-1* 13 TeV (L=78 pbµATLAS e
)-1* 13 TeV (L=42 pbµCMS e

)-1* 13 TeV (L=85 pbµµATLAS ee/
)-1ATLAS l+jets* 13 TeV (L=85 pb

)-1CMS l+jets* 13 TeV (L=42 pb

WGtopLHC

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 uncertainties according to PDF4LHC

Sα ⊕ = 172.5 GeV, PDF topm

 [TeV]s13
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Physics
tt	  production	  in	  the	  forward	  region!

• Enhancement	  of	  qq	  and	  qg	  relative	  to	  gg	  tt	  
production	  (charge	  asymmetry)

• Constrain	  gluon	  PDF	  at	  large	  x

• Muon	  pT	  >	  25	  GeV,	  also	  included	  in	  a	  jet	  (jμ),	  	  
jet	  (anti-‐kt	  R=0.5)	  50	  GeV	  <	  pT	  <	  100	  GeV,	  
Secondary	  Vertex	  b-‐tagger,	  pT(jμ+j)	  >	  20	  GeV	  
(dijet	  suppression)

• Dominant	  backgrounds:	  W+b,	  Z+b,	  bb

• W+b	  contributions	  from	  template	  fits	  to	  
pT(μ)/pT(jμ)

• Fiducial	  cross	  sections	  obtained

2	  <	  η <	  5

15 1506.00903

1505.04051



Physics
tt	  production	  in	  the	  forward	  region!

16 1506.00903

σ fiducial  [7 TeV]= 239 ± 53 (stat.)± 38 (syst.) fb
σ fiducial  [8 TeV]= 289 ± 43 (stat.)± 46 (syst.) fb

σ NLO(MCFM)  [7 TeV]= 180−41
+51  fb

σ NLO(MCFM)  [8 TeV]= 312−68
+83  fb

27%

22%

7	  TeV:	  1.0	  X-‐1

8	  TeV:	  2.0	  X-‐1



Top	  anti-‐top	  differential	  cross-‐sections
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Physics
From	  experiment...

Jets

Leptons

b-‐jets

ET
missing

Weight: 
7000 t 44 m 

22 m 

~108 channels (~2 MB/event)!
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Physics
...	  to	  theory...

PDF: Parton Distribution Function

ISR: Initial State Radiation

FSR: Final State Radiation

Multiple Parton Interaction
Underlying Event

Hadronisation

Hard scatter

Parton Showering

QED bremsstrahlung

19



Physics
...	  connecting	  the	  two:

Theory

parton-‐level
full	  phase	  space

Experiment

detector-‐level
fiducial	  phase	  space

Monte	  Carlo

particle-‐level
HepData

detector	  to	  parton	  unfolding

detector	  to	  particle	  unfoldingparton	  to	  particle

Theorists	  can	  use	  data	  with	  
new	  models

Ensures	  longevity	  of	  results

Fiducial	  measurements	  reduce	  
uncertainties	  due	  to	  extrapolations

20



Physics
Particle-‐level	  objects

γ!

l!

Charged	  leptons	  (not	  from	  hadrons)	  are	  dressed	  with	  
the	  energy	  from	  nearby	  photons

K"

π"µ"
ν"

Jets	  are	  clustered	  from	  stable	  MC	  
particles	  using	  anti-‐kt	  algorithm

ETMiss	  calculated	  from	  the	  sum	  of	  all	  other	  
neutrinos

b-‐jets	  defined	  by	  a	  jet	  containing	  a	  b-‐quark	  hadron	  

π
K

p

π
π

B

21

ATLAS	  and	  CMS	  
differ	  in	  detailed	  

definitions



Physics
Differential	  tt	  cross	  section	  at	  8	  TeV

ATLAS CMS
TOPQ-‐2015-‐06
lepton+jets

lep	  pT	  >	  25GeV
≥	  4	  jets	  pT	  >	  25GeV

≥	  2	  b-‐jets	  
main	  backgrounds:	  tW	  single	  top	  and	  W+jets

Pseudo-‐top	  reconstruction
Fiducial	  particle-‐level	  results

and	  Parton	  full	  phase	  space	  results

1505.04480
lepton+jets	  and	  (dilepton)

1	  (2)lep	  pT	  >	  33	  GeV
≥	  4	  (2)	  jets	  pT	  >	  30GeV

≥	  2	  (1)	  b-‐jets
main	  backgrounds:	  other	  tt	  and	  single	  top

Performant	  kinematic	  fitting	  
Fiducial	  results	  for	  detector-‐level	  variables

parton	  full	  phase	  space	  results	  for	  nominal	  variables

22



Physics
Differential	  tt	  cross	  section	  at	  8	  TeV

• same	  binning	  between	  ATLAS	  and	  CMS	  for	  full	  phase	  space	  (to	  help	  with	  comparisons	  and	  
discussions	  within	  LHC	  Top	  WG)

• top	  pT	  simulations	  still	  show	  a	  harder	  spectrum	  than	  the	  data	  (Madgraph	  is	  worse	  for	  both	  ATLAS	  
and	  CMS)

1505.04480TOPQ-‐2015-‐06

23

variables:	  top:	  pT,	  y
tt:	  pT,	  y,	  m,	  ΔΦ
QCD-‐like	  (tt):	  pout,	  yboost,	  χ,	  HT,	  RWt	  

variables:	  lepton	  and	  b:	  pT,	  η
bb:	  pT,	  m
top:	  pT,	  y,	  pT*,	  pT1,	  pT2

tt:	  pt,	  y,	  m,	  ΔΦ



Physics
Differential	  tt	  cross	  section	  at	  8	  TeV

1505.04480

24

TOPQ-‐2015-‐06



Physics
Differential	  tt	  cross	  section	  at	  8	  TeV

1505.04480

25

TOPQ-‐2015-‐06



Physics
Differential	  tt	  cross	  section	  at	  13	  TeV

26

• Similar	  object	  selection	  as	  13	  TeV	  inclusive	  
analysis	  and	  same	  top	  reconstruction	  and	  
unfolding	  method	  as	  8	  TeV	  analysis

CMS	  PAS	  TOP-‐15-‐010

particle	  level	  fiducial	  phase	  space variables:	  Njets
top:	  pT,	  y
tt:	  pT,	  y,	  m



Physics
Differential	  tt	  cross	  section	  at	  13	  TeV

27

• lepton+jets	  selection

• top	  reconstruction	  using	  highest	  likelihood	  
permutation:	  49%	  correct	  

CMS	  PAS	  TOP-‐15-‐005

variables:	  Njets
top:	  pT(l,h),	  y(l,h)
tt:	  pT,	  y,	  m



Physics
Boosted	  tops	  at	  13	  TeV!

A	  boosted	  top	  quark	  has	  high	  pT	  (~>400	  GeV)	  and	  its	  decay	  
products	  are	  collimated	  into	  a	  large	  R~1.0	  jet

28



Physics

tt	  differential	  cross	  section	  using	  boosted	  tops	  at	  8	  TeV

ATLAS CMS
TOPQ-‐2014-‐15
lepton+jets

lep	  pT	  >	  25GeV
≥	  1	  anti-‐kt	  R=0.4	  jet	  pT	  >	  25GeV	  

(same	  hem.	  as	  lepton)
anti-‐kt	  R=1.0,	  trimmed,	  m>100GeV

hadronic	  top	  pT	  	  >	  300	  GeV
main	  backgrounds:	  tt	  dil,	  W+jets,	  single	  top

Fiducial	  particle-‐level	  results
and	  Parton	  full	  phase	  space	  results

CMS	  PAS	  TOP-‐14-‐012
lepton+jets

e	  (mu)	  pT	  >	  45(35)	  GeV	  and	  |eta|<2.1	  (2.5)
≥	  1	  anti-‐kt	  R=0.5	  jet	  pT	  >	  30GeV	  

(same	  hem	  as	  lepton)
Cambridge-‐Aachen	  R=0.8,	  TopTagged

hadronic	  top	  pT	  >	  400	  GeV
main	  backgrounds:	  single	  top	  and	  W+jets

background	  enriched:	  0t,	  1t+0b,	  signal:	  1t+1b
Fiducial	  particle-‐level	  and	  parton	  full	  phase	  space	  for	  top	  pT

29



Physics

tt	  differential	  cross	  section	  using	  boosted	  tops	  at	  8	  TeV

CMS	  PAS	  TOP-‐14-‐012

30

TOPQ-‐2014-‐15



Physics

tt	  differential	  cross	  section	  using	  boosted	  tops	  at	  8	  TeV

σ (pT
top > 400 GeV) = 1.28 ± 0.09 (stat.+syst.)± 0.10 (PDF) ± 0.09 (Q2 )± 0.03 (lumi.) pb

σ (pT
top > 400 GeV) = 1.44 ± 0.10 (stat.+syst.)± 0.13 (PDF) ± 0.15 (Q2 )± 0.04 (lumi.) pb

Particle	  level
POWHEG:	  1.49	  pb

Parton	  level

POWHEG:	  1.67	  pb
CMS	  PAS	  TOP-‐14-‐01214%	  difference

TOPQ-‐2014-‐15

31



tt	  +	  bb	  cross	  sections

32



Physics
tt+b	  jets	  cross	  sections	  at	  8	  TeV

• Additional	  b-‐jets	  can	  come	  from	  hard	  scatter	  
(tt	  +	  N	  partons	  from	  the	  NLO	  generator)	  or	  
from	  parton	  shower	  (Pythia,	  Herwig)

• Current	  such	  pQCD	  fixed-‐order	  calculations	  
at	  NLO	  suffer	  from	  significant	  uncertainties	  
from	  missing	  higher-‐order	  terms

• irreducible	  background	  to	  ttH(-‐>bb)!

• Measurements	  are	  done	  using	  particle-‐level	  
and	  fiducial	  phase	  space

G.	  Bevilacqua	  and	  M.	  Worek,	  1403.2046

33



Physics
tt+b	  jet(s)	  cross	  sections	  at	  8	  TeV

1508.06868

Measurement	  Strategy

lepton+jets	  and	  dilepton	  (eμ)	  tt+b
lepton	  pT	  >	  25	  GeV

jets	  pT	  >	  20	  GeV:	  ≥	  5	  l+jets,	  ≥	  3	  dil
≥	  3	  b-‐jets

Profile	  likelihood	  template	  fit	  to	  b-‐tag	  MVA	  
discriminant	  of	  the	  jet	  with	  the	  3rd	  highest	  

b-‐tag	  weight	  

dilepton	  tt+bb	  (cut	  based)
2	  leptons	  pT	  >	  25	  GeV
jets	  pT	  >	  20	  GeV:	  ≥	  4

≥	  4	  b-‐jets
ttbb	  =	  68%	  of	  selection

dilepton	  tt+bb	  (fit	  based)
2	  leptons	  pT	  >	  25	  GeV
jets	  pT	  >	  20	  GeV:	  ≥	  4

≥	  2	  b-‐jets
Template	  Fit	  for	  ttbb,	  ttbX,	  ttc,	  ttlX
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Physics
tt+b	  jet(s)	  cross	  sections	  at	  8	  TeV

1508.06868

tt+bb@NLO
tt+bb@LO+PS

tt+bb	  from	  PS	  with	  different	  splittings

tt+b@NLO,	  tt+bb	  from	  PS

35

σ fid, lepton+jets = 950± 70 (stat.) −190
+240  (syst.) fb

σ fid. = 720 fb
PowhegBox+Py6
Helac(ttH)
MadGraph5(ttV)

26%



σ(ttbb) σ(ttjj) σ(ttbb)/σ(ttjj)
fiducial	   271	  X	  ±	  40% 23.1	  pb	  ±	  16% 0.012	  ±	  34%
Madgraph+Pythia 174	  X	  ±	  28% 24.3	  pb	  ±	  20% 0.007	  ±	  10%
NLO	  (1403.2046)

Physics
tt+b	  jet(s)	  cross	  sections	  at	  8	  TeV

• lepton+jets:
• 	  lepton	  pT	  >	  30	  GeV
• 	  ≥	  4	  jets	  with	  pT	  >	  50	  GeV
• ≥	  2	  b-‐jets	  (CSVM	  at	  70%)

• Reconstruction	  of	  top	  pairs:
• 1.	  kinematic	  fit
• 2.	  separation	  of	  correct	  vs	  wrong	  
combinations	  using	  BDTG

• 3.	  use	  b-‐tag	  information
• correct	  assignment:	  

• ttjj:	  	  	  	  78%	  (Nj=4)
• ttbb:	  75%	  (Nj=4)

• Get	  cross	  section	  from	  13	  template	  fits	  for	  
each	  number	  of	  jet	  category	  and	  lepton	  
category

•

CMS	  PAS	  TOP-‐13-‐01636

229 fb −24%
+18% 21.0 pb −13%

+15% 0.011 −13%
+39%



ttW,	  ttZ	  cross	  sections
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Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV

• top-‐Z	  couplings	  never	  measured	  and	  
modified	  from	  SM	  in	  extensions	  like	  
Technicolour	  or	  scenarios	  with	  a	  strongly	  
coupled	  Higgs	  sector

• ttZ,	  ttγ,	  ttH:	  direct	  couplings	  to	  bosons

• ttW:	  source	  of	  SS	  dilepton	  events:	  signatures	  
of	  many	  BSM	  models

• ttZ	  and	  ttW:	  modified	  by	  additional	  
dimension-‐six	  operators	  in	  the	  Lagrangian

• ttZ	  at	  7	  TeV	  by	  CMS:	  twice	  the	  SM	  value	  (large	  
uncertainties) • 2	  OS	  leptons:	  	  ttZ	  (CMS),	  ttZ	  and	  ttW	  (ATLAS)

• 2	  SS	  leptons:	  ttW

• 	  3	  leptons:	  ttZ	  and	  ttW

• 4	  leptons:	  ttZ

•
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Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV

CMS	  PAS	  TOP-‐14-‐021

• 5	  mutually	  exclusive	  signal	  channels:	  at	  least	  1	  
lepton	  pT>	  20	  GeV,	  additional	  leptons	  pT>10	  GeV:

• In	  some	  channels:	  control	  regions	  for	  the	  
backgrounds

• After	  selections:	  background	  dominated

• Use	  full	  reconstruction,	  and	  use	  linear	  
discriminant	  to	  match	  the	  tt	  system

• for	  tt	  L+J	  with	  4	  jets	  (from	  tt)	  correct	  
assignment:	  75%

• Match	  scores	  and	  other	  reconstructions	  variables	  
into	  BDT

• Cross	  sections	  extracted	  from	  binned	  likelihood	  
functions

39



Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV

source	  of	  slight	  excess	  in	  
ttW,	  consistent	  with	  CMS	  
ttH	  excess	  (1408.1682)

CMS	  PAS	  TOP-‐14-‐02140



Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV
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Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV

• 15	  signal	  regions	  and	  5	  control	  regions,	  at	  least	  1	  
lepton	  pT>	  20	  GeV,	  additional	  leptons	  pT>15	  or	  7	  	  
GeV

• 	  2	  OS	  leptons:	  NN	  used	  to	  separate	  ttW	  and	  ttZ

ATLAS-‐CONF-‐2015-‐03242
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• Profile	  likelihood	  fit	  over	  all	  20	  bins	  
simultaneously



Physics
ttW,	  ttZ	  cross	  sections	  at	  8	  TeV

ATLAS-‐CONF-‐2015-‐032

The	  observed	  (expected)	  significance	  of	  
ttW	  is	  5.0σ	  (3.2σ)	  and	  of	  ttZ	  	  is	  4.2σ	  (4.5σ)	  
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single	  top	  quark	  production
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Physics
Single	  top	  production

t-‐channel
FCNC
b	  quark	  PDF

s-‐channel
New	  resonances

Wt	  channel
New	  resonances,	  anomalous	  
couplings

Measurement	  of	  |Vtb|

1.96	  TeV:	  2.1	  pb
	  	  	  	  	  	  8	  TeV:	  87.8	  ±	  3.4	  pb	  

1.96	  TeV:	  0.25	  pb
	  	  	  	  	  	  8	  TeV:	  22.4	  ±	  1.5	  pb	  

1.96	  TeV:	  1.1	  pb
	  	  	  	  	  	  8	  TeV:	  5.6	  ±	  0.2	  pb	  

45

1lep,	  2j:	  1b,	  1forward	  jet

1lep,	  2j:	  2b

2lep,	  1j:	  1b

~40

~100

~5



Physics
Single	  top	  production	  at	  the	  Tevatron

1503.05027

46

20%,	  6.3σ

14%



Physics
t-‐channel	  single	  top	  at	  8	  TeV

• One	  electron	  (muon)	  with	  pT	  >	  30	  GeV	  (26	  GeV)

• jet	  pT>	  40	  GeV

• ETmiss	  >	  45	  GeV	  (mT(W)	  >	  50	  GeV)

• signal:	  2j1t,	  W+jets:	  2j0t,	  tt:	  3j2t

CMS	  PAS	  TOP-‐14-‐00447



Physics
tW	  single	  top	  at	  8	  TeV	  

TOPQ-‐2012-‐20-‐00248

• Dilepton	  selection	  with	  1	  or	  2	  b-‐jets	  (tt	  control)

• 	  BDT	  to	  separate	  from	  tt

• Fiducial	  cross	  section	  to	  compare	  with	  NLO	  

σ tW = 23.0 ±1.3 (stat.) −3.5
+3.2  (syst.) ±1.1 (lumi.) pb

16%	  	  7.7σ



Physics
Combination	  for	  tW	  single	  top	  at	  8	  TeV

49

18.7%

WGtopLHCATLAS+CMS Preliminary
 = 172.5 GeVt = 8 TeV, msData 2012, 

Sep 2015

(not included in the figure)
Effect of LHC beam energy uncertainty: 0.38 pb(*) Superseeded by results shown below the line

scale uncertainty
 PDF uncertainty⊕scale 

NLO+NNLL (PRD82 (2010) 054018)
NNLOMSTW2008 total  stat

 (lumi)± (syst) ± (stat) ± Wtσ

-1= 20.3 fb
int

ATLAS (*), L
ATLAS-CONF-2013-100

 1.0 pb± 5.9 ± 2.1 ±27.2 

-1= 12.2 fbintCMS, L
PRL 112 (2014) 231802

 0.7 pb± 4.6 ± 2.0 ±23.4 

LHC combined  (July 2015)

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.7 pb± 4.4 ± 1.4 ±25.0 

-1= 20.3 fbintATLAS, L
paper in preparation

 1.1 pb± 3.5−
3.2+ 1.3 ±23.0 

 [pb]Wtσ
0 10 20 30 40 50 60 70



Physics
s-‐channel	  single	  top	  quark	  at	  8	  TeV

50 ATLAS-‐CONF-‐2015-‐047

• Lepton+jets	  selection	  with	  2	  b-‐jets	  and	  large	  ETMiss

• 	  Build	  Matrix	  Element	  discriminant	  for	  each	  selected	  event

• 	  s-‐channel	  vs	  t-‐channel,	  tt,	  W+jets

• 	  Template	  fit	  in	  signal	  and	  control	  regions

σ s = 4.8 ±1.1 (stat.) −2.0
+2.2  (syst.+lumi.) pb 49%

First	  evidence	  of	  single-‐top	  s-‐channel	  production	  at	  the	  LHC!

Observed	  (expected)	  significance:	  3.2σ	  (3.9σ)



Physics
single-‐top	  quark	  at	  the	  LHC
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Single top-quark production Sep 2015

t-channel

Wt

s-channel

ATLAS t-channel
112006, ATLAS-CONF-2014-007 (2014) PRD90

CMS t-channel
090 (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt
142, paper in preparation (2012) PLB716

CMS Wt
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination,  Wt
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

ATLAS s-channel
ATLAS-CONF-2015-047

L., ATLAS-CONF-2011-118 95% C.

L. C. CMS s-channel, 95%
CMS-PAS-TOP-13-009

58 (2014) PLB736NNLO 
, MSTW2008nnloVeG = 172.5topm

scale uncertainty

091503, (2011) PRD83NNLL  + NLO
054028 (2010) 054018, PRD81 (2010) PRD82

, MSTW2008nnloVeG = 172.5topm
 contribution removedtWt: t

 uncertainty,sα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ, VeG = 172.5topm

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
VeG 60 =  removalt veto for tb

T
Wt: p

VeG 65 =
F

µ                        and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 

VeG = 172.5
top

All exp. results are w.r.t. m

syst  stat



Physics
Extracting	  |Vtb|

52

4.1%

|tbVLV|f
0.4 0.6 0.8 1 1.2 1.4 1.6

ATLAS+CMS Internal WGtopLHC

  from single top quark production
theo.σ
meas.σ| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018,       
PRD81 (2010) 054028       

 PDF⊕: scale theoσΔ
 = 172.5 GeVtopm

Sep 2015

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 (*) Superseeded by results shown below the line

total  theo.

 (theo.)± (meas.) ±| tbVLV|f

t-channel:

Wt:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb

 0.04− 0.13  −
 0.03+ 0.16  +1.01 

ATLAS 8 TeV (*)
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.03± 0.11 ±1.06 

 1,2ATLAS 8 TeV
 )1− paper in preparation  (20.3 fb

 0.03± 0.10 ±1.01 

 2ATLAS 8 TeV
 )1−ATLAS-CONF-2015-047  (20.3 fb

 0.04±  0.30−
 0.24+0.93 



Physics
The	  top	  quark	  is	  20	  years	  old!

53

Precision	  measurements

Discovery

inclusive	  and	  differential
theory	  calculations

~50% 3.5%!	  
(8	  TeV	  LHC	  combination)

1995 2015



Physics
The	  top	  quark	  is	  20	  years	  old!
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Precision	  measurements

Discovery

inclusive	  and	  differential
theory	  calculations

Analysis	  techniques
jet	  substructure

fiducial	  measurements
Matrix	  Element,	  MVA

New	  physics	  window

tt	  and	  single	  top
ttV



backups
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Physics
13	  TeV	  systematics
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Physics
13	  TeV	  systematics
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Physics
Differential	  variables
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Physics
Differential	  tt	  cross	  section	  at	  7	  TeV

lepton+jets,	  4.6X-‐1,	  ≥	  2	  b-‐jets,	  ETMiss>30	  GeV,	  MT(W)>	  35GeV
“pseudo-‐top”:	  reconstruction	  algorithm	  only	  uses	  detector-‐

level	  objects
leptonic	  top:	  lepton	  +	  ETMiss	  (use	  W	  mass	  for	  pz)	  +	  b-‐jet	  

closest	  in	  DR	  to	  lepton
hadronic	  top:	  2	  highest	  pT	  jets	  +	  remaining	  b-‐jet

1502.0592359



Physics
Differential	  tt	  cross	  section	  at	  7	  TeV

1502.05923

Top	  pT:	  models	  indicate	  a	  harder	  pT	  than	  data:	  possibly	  because	  of	  CTEQ6L1	  PDF?

Parton	  shower	  and	  radiation	  comparison generator	  and	  PDF	  comparison

60

list	  of	  variables



Physics
differential	  tt	  cross	  section	  at	  7	  TeV

1502.05923

tt	  pT	  very	  sensitive	  to	  additional	  radiation	  and	  highlights	  the	  different	  hard-‐gluon	  
emission	  models

MC@NLO	  prediction	  lower	  due	  to	  the	  softer	  5th	  jet	  pt	  compared	  to	  other	  
generators

Parton	  shower	  and	  radiation	  comparison generator	  and	  PDF	  comparison
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Physics

• CMS:	  preliminary	  luminosity	  scale	  and	  its	  uncertainty	  from	  x-‐y	  beam-‐beam	  scans
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