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The	  Top	  Quark	  
§  The	  most	  massive	  parBcle	  known	  to	  date	  
§  LifeBme	  <	  hadronizaBon	  Bmescale	  

u  “Bare”	  quark	  properBes	  
§  The	  only	  elementary	  high	  mass	  parBcle	  that	  has	  color	  à	  EWK,	  QCD	  

and	  flavor	  physics.	  	  
§  The	  largest	  Yukawa	  coupling	  among	  the	  fermions	  

u  Special	  role	  in	  EWSB?	  
§  Top	  quark	  and	  the	  scalar	  boson	  modify	  tree	  level	  SM	  processes	  

through	  radiaBve	  correcBons.	  
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PDG	  

18	  June	  
2012	  

A	  precursor	  of	  the	  
scalar	  boson	  	  
discovery!	  	  

à	  Electroweak	  fit	  before	  the	  scalar	  
boson	  discovery	  consistent	  with	  
measured	  mass	  within	  1.3σ.	  
à	  One	  of	  the	  most	  criBcal	  tests	  of	  
the	  standard	  model!	  	  



Top	  Quark	  Mass	  and	  Existence	  
§  IniBal	  BICEP2	  results	  suggests	  Large	  Hubble	  rate	  

(HI~1014-‐16	  GeV	  ~	  GUT	  scale)	  during	  inflaBon	  à	  large	  
amplitude	  fluctuaBons	  of	  the	  scalar	  field	  à	  vacuum	  
decay.	  	  
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S.	  Moch	  et	  al.	  arXiv:1405.4781	  



Top	  Quark	  and	  QCD	  

§  Top	  quark	  measurements	  
u  Test	  perturba.ve	  QCD	  
u  Understanding	  perturba.ve	  and	  non-‐perturba.ve	  
QCD	  effects	  à	  ul.mate	  precision	  in	  top	  quark	  
mass	  and	  its	  interpreta.on.	  	  

§  A	  selecBon	  of	  measurements	  from	  CMS	  
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hjps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP	  
All	  public	  CMS	  results	  at:	  



Top	  Quark	  Decays	  
§  Top	  quarks	  decay	  into	  a	  W	  boson	  and	  a	  b-‐quark	  ~100%	  of	  the	  Bme.	  	  
§  j	  decay	  channels	  are	  categorized	  by	  the	  W	  boson	  decay	  modes.	  	  	  
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Top	  Quark	  ProducBon	  
§  j	  pair	  producBon	  through	  QCD	  interacBons:	  Dominant	  mechanism	  

at	  hadron	  colliders.	  	  
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Gluon	  fusion	  	  
~	  85%	  (LHC)	  
~15%	  (Tevatron)	  

qq	  annihilaBon	  	  
~15%	  (LHC)	  
~85%	  (Tevatron)	  

At	  LO	  QCD	  à	  O(αs
2)	  

§  single	  top	  producBon	  through	  EWK	  interacBons:	  

sensiBve	  to	  u/d-‐PDFs	  



Top	  Quark	  ProducBon	  

§  Top	  pair	  cross	  secBons	  at	  
NNLO	  precision	  
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•  Single	  top	  t-‐channel	  cross	  
secBon	  at	  NNLO	  precision	  	  
–  theory	  uncertainty	  ~1%	  
–  Measurement	  uncertainty	  ~10%	  

δNNLO−theory = 5.7% > δeµ = 3.5%



Top	  quark	  Pair	  ProducBon	  and	  QCD	  
FactorizaBon	  

σ pp→tt s,mt( ) = dx1 dx2∫ fi
pdf x1,µ f

2( ) f jpdf x2,µ f
2( )σ̂ ij→tt ŝ,mt,µ f ,µr,αs µr( )( )

i, j=partons
∑
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Partonic	  cross-‐secBon	  à	  short-‐distance	  
interacBons:	  
Coupling	  small	  at	  high	  energy	  à	  hard	  
scajering;	  calculated	  perturbaBvely	  
(series	  in	  αs).	  	  

µ f ~Q ~ ŝ ~ x1x2s

PDFs	  (parton	  distribuBon	  funcBons)	  	  	  
à  determined	  from	  data	  
(αs	  in	  QCD	  evolu.on	  of	  PDFs)	  

pTparton	  <	  µF	  à	  absorbed	  in	  PDFs	  
pTparton	  >	  µF	  à	  part	  of	  the	  short	  distance	  cross	  secBon	  

PDFs x,µ f
2( )⊗ σ̂ ŝ,mt,µ f ,µr,αs µr( )( )factorizaBonè	  	  

à	  inputs:	  mt,	  αs,	  and	  PDFs	  	  

(Q:	  energy	  scale	  of	  the	  hard	  process)	  

Perturba.ve	  Non-‐perturba.ve	  



Fix	  mt	  and	  PDF	  à	  Determine	  αs	  
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§  σj	  (CMS;	  7	  TeV;	  dilepton)	  [JHEP,	  11	  (2012)	  067]	  
§  TOP++	  2.0	  calculaBon	  (@	  NNLO+NNLL)	  with	  αs(MZ)	  scan.	  	  

mt
pole =mt

Tevatron =

173.18± 0.94 GeV ⊕1 GeV

assumed	  difference	  	  
between	  mt

pole	  &	  mt
MC	  

PLB	  728,	  496	  (2014)	  
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 = 173.2 GeVpole t = 7 TeV; ms

4.1%	  
(including	  
acceptance	  
effects)	  

ABM:	  smaller	  gluon	  density.	  	  

scale	  &	  PDF	  uncertainBes	  
(µr=µf=mt

pole	  à	  0.5	  –	  2	  x	  µ)	  

αs mZ( ) = 0.1151−0.0027+0.0028
using	  NNPDF2.3:	   δ(αs)=2.4%	  

à δ(scale):	  0.8%	  
à δ(mt):	  1.1%	  
à  LHC	  beam	  energy:	  	  δ(√s)=46	  GeV	  à	  0.7%	  



DeterminaBon	  of	  αs	  
§  The	  first	  determinaBon	  of	  αs(mZ)	  from	  top	  quark	  producBon.	  	  
§  The	  first	  αs(mZ)	  result	  at	  a	  hadron	  collider	  at	  full	  NNLO	  QCD.	  
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arXiv:1410.6765	  

(aprox.)NLO	  
with	  large	  scale	  uncertainBes	  and	  
non-‐perturbaBve	  correcBons.	  	  	  QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)(–)



Fix	  αs(mZ)	  and	  PDF	  à	  Determine	  mt
pole	  
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outer	  band:	  
MC-‐pole	  mass.	  	  

Inner	  error	  bar:	  cross-‐secBon,	  beam	  energy,	  PDF,	  scale.	  
Outer	  error	  bar:	  	  +	  δ(αs).	  

àFirst	  NNLO	  top	  mass.	  	  mt
pole =176.7−2.8

+3.0GeV

Compare	  measured	  inclusive	  W	  produc.on	  cross-‐sec.on	  to	  fully	  inclusive	  
calcula.ons	  at	  NNLO	  QCD	  that	  involve	  an	  unambiguous	  mt.	  

Dominant	  systemaBc	  uncertainBes:	  measured	  j	  cross-‐secBon	  and	  PDF.	  

PLB	  728,	  496	  (2014)	  
(arXiv:1307.1907v3)	  
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Constraints	  on	  the	  gluon	  PDF	  from	  Top	  
Pair	  ProducBon	  

§  LHC	  top	  quark	  producBon	  cross	  secBon	  data	  already	  providing	  
significant	  constraints	  on	  gluon	  PDF	  at	  large	  x.	  

§  Significant	  impact	  on	  predicBons	  for	  the	  scalar	  boson,	  and	  BSM	  
predicBons	  (dominated	  by	  gg	  processes).	  	  
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Top	  Pair	  DifferenBal	  Cross	  SecBons	  
§  Test	  various	  levels	  of	  pQCD	  approximaBons	  for	  top	  quark	  producBon	  
§  Test	  and	  tune	  MC	  models	  
§  DifferenBal	  distribuBons	  from	  data	  are	  described	  reasonably	  well	  except	  top	  pT.	  	  
§  For	  all	  distribuBons	  trend	  is	  the	  same	  for	  7	  &	  8	  TeV	  and	  in	  lepton+jets	  and	  dilepton	  

measurements.	  	  

13	  

GeV t
T

p
0 50 100 150 200 250 300 350 400 450 500

-1
G

eV
 t T

dpσd  
σ1

0
1
2
3
4
5
6
7
8

-310×

Data
MadGraph+Pythia6
MC@NLO+Herwig6
Powheg+Pythia6
Powheg+Herwig6
Approx. NNLO

 = 8 TeVs at -1CMS, 19.7 fb

 + Jetsµe/

(Phys.Part.Nucl. 45 (2014) 714)

GeV t
T

p
0 50 100 150 200 250 300 350 400 450 500

D
at

a
Th

eo
ry

0.8
1

1.2
1.4

1.6

 Syst.⊕Stat. 
Stat.

 [GeV]tt
T

p
0 50 100 150 200 250 300

 R
at

io
tt T

dpσd  
σ1

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
Data or theory / MadGraph+Pythia6

 + Jets (8 TeV)µe/
 + Jets (7 TeV)µe/

Dilepton (8 TeV)
Dilepton (7 TeV)

 = 7/8 TeVs at -1CMS, 5.0/19.7 fb
arXiv:1505.04480	  



j	  +	  jets	  
§  At	  the	  LHC,	  j	  events	  are	  usually	  accompanied	  by	  addiBonal	  hard	  jets	  from	  

iniBal	  or	  final	  state	  QCD	  radiaBon	  (ISR/FSR).	  	  	  
u  Test	  higher-‐order	  QCD	  calculaBons	  (ISR	  parameters,	  QCD	  scales,	  ..)	  
u  Improve	  model	  choices	  and	  uncertainBes	  for	  coming	  measurements.	  	  	  
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§  j	  +	  1	  and	  2	  jet	  calculaBons	  are	  
available	  at	  NLO.	  	  

§  j	  +	  jets:	  background	  to	  Hàbb,	  ....	  
arXiv:1404.3171,	  CMS-‐PAS-‐TOP-‐12-‐041	  

§  “Gap	  fracBon”:	  
fracBon	  of	  events	  
w/o	  addiBonal	  jets	  
above	  a	  threshold.	  
u  AlternaBve	  way	  to	  

invesBgate	  jet	  
acBvity	  from	  QCD	  
radiaBon.	  	  	  



Top	  ProperBes:	  Mass	  
§  mt:	  free	  parameter	  of	  QCD	  Lagrangian,	  i.e.	  not	  an	  
observable	  à	  no	  unique	  interpretaBon.	  	  	  
u  Pole	  mass	  
u  “running	  mass”	  (mt

MSbar)	  	  
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u  Monte	  Carlo	  Mass	  
•  No	  straigh�orward	  definiBon	  in	  direct	  top	  mass	  measurements	  	  
•  MEs	  at	  fixed	  order	  (LO	  or	  NLO)	  QCD	  +	  higher	  orders	  by	  parton	  
showers	  

mt
pole −mt

MSbar ≈10 GeV
but	  can	  be	  related	  to	  each	  other:	  



Top	  Quark	  Mass	  –	  Direct	  Measurements	  
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 [GeV]topm
165 170 175 180 185

shown below the line
(*) Superseded by results

May 2015

World Comb. Mar 2014, [7]
bJSF⊕JSF⊕stat

total uncertainty
bJSF⊕JSF⊕stat

total uncertainty

   Ref.s    syst) ±bJSF ⊕JSF⊕ tot. (stat± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.74)± 0.75 (0.18 ±172.04 
CMS, dilepton 8 TeV  [12] 1.40)± 1.41 (0.17 ±172.47 
CMS, all jets 8 TeV  [11] 0.80)± 0.89 (0.37 ±172.08 
CMS comb. (Sep 2014) 7+8 TeV  [11] 0.64)± 0.65 (0.14 ±172.38 

 = 7-8 TeV   TOPLHCWGs summary, topATLAS+CMS Preliminary m

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] arXiv:1503.05427

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015
[6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010

Main	  Challenges:	  
à	  HadronizaBon	  and	  other	  modeling	  uncertainBes.	  
à	  Precision	  only	  a	  few	  Bmes	  ΛQCD	  (i.e.	  where	  the	  measurements	  and	  
interpreta.ons	  starts	  to	  become	  more	  difficult).	  	  

§  General	  features:	  
u  Assign	  each	  jet	  to	  a	  top	  decay	  

product	  (constrained	  kinemaBc	  
fits)	  

u  CalibraBon	  of	  the	  method	  
u  DeterminaBon	  of	  mt

MC	  (and	  JES	  
simultaneously)	  from	  data.	  	  



Top	  Mass	  in	  the	  lepton+jets	  Final	  State	  at	  8	  TeV	  
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CMS-‐PAS-‐TOP-‐14-‐001	  Determine	  mt	  simultaneously	  with	  jet	  energy	  scale	  
factor	  in	  a	  joint	  likelihood	  fit.	  	  

à	  First	  single	  measurement	  
with	  <	  1	  GeV	  precision.	  	  
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CMS 2010, dilepton

-1JHEP 07 (2011) 049, 36 pb
 4.6 GeV± 4.6 ±175.5 
 syst)± stat ±(value 

CMS 2010, lepton+jets
-1PAS TOP-10-009, 36 pb

 2.6 GeV± 2.1 ±173.1 
 syst)± stat ±(value 

CMS 2011, dilepton
-1EPJC 72 (2012) 2202, 5.0 fb

 1.4 GeV± 0.4 ±172.5 
 syst)± stat ±(value 

CMS 2011, lepton+jets
-1JHEP 12 (2012) 105, 5.0 fb

 1.0 GeV± 0.4 ±173.5 
 syst)± stat ±(value 

CMS 2011, all-hadronic
-1EPJ C74 (2014) 2758, 3.5 fb

 1.2 GeV± 0.7 ±173.5 
 syst)± stat ±(value 

CMS 2012, lepton+jets
-1PAS TOP-14-001, 19.7 fb

 0.7 GeV± 0.1 ±172.0 
 syst)± stat ±(value 

CMS 2012, all-hadronic
-1PAS TOP-14-002, 18.2 fb

 0.8 GeV± 0.3 ±172.1 
 syst)± stat ±(value 

CMS 2012, dilepton
-1PAS TOP-14-010, 19.7 fb

 1.4 GeV± 0.2 ±172.5 
 syst)± stat ±(value 

CMS combination
September 2014

 0.65 GeV± 0.10 ±172.38 
 syst)± stat ±(value 

Tevatron combination
July 2014 arXiv:1407.2682

 0.52 GeV± 0.37 ±174.34 
 syst)± stat ±(value 

World combination March 2014
ATLAS, CDF, CMS, D0

 0.71 GeV± 0.27 ±173.34 
 syst)± stat ±(value 
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Dependence	  of	  Top	  Mass	  on	  Event	  
KinemaBcs	  

§  InterpretaBon	  of	  the	  top	  mass	  measurements	  is	  not	  straigh�orward	  for	  
δ	  ~<	  1	  GeV	  ~Γt.	  	  

§  Study	  model	  uncertainBes.	  	  
u  some	  (non-‐)perturbaBve	  effects	  have	  different	  kinemaBc	  dependences.	  	  	  
u  Difficult	  to	  define	  a	  pole	  mass	  for	  an	  unstable	  and	  colored	  parBcle.	  

18	  

§  Study	  variables	  sensiBve	  to	  	  
u  color	  connecBon,	  
u  ISR/FSR,	  
u  b-‐quark	  kinemaBcs.	  
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No	  mis-‐modeling	  of	  data.	  



Top	  ProperBes	  from	  ProducBon	  and	  Decay	  
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mass	  and	  top-‐anBtop	  mass	  difference,	  	  
charge,	  width,	  lifeBme	  

couplings,	  branching	  raBos,	  
Flavor	  Changing	  Neutral	  Currents	  (FCNC)	  

asymmetries,	  	  
spin	  correlaBon	  

And	  properBes	  from	  electroweak	  single	  top	  
producBon	  (mostly	  from	  t-‐channel)	  

W	  helicity	  

Top	  quark	  –	  Z	  boson	  coupling	  
Top	  quark	  –	  Scalar	  boson	  coupling	  



Top	  ProperBes:	  j	  Asymmetry	  

§  Measurements	  consistent	  with	  NLO+EW	  calculaBons.	  
§  bb	  asymmetry	  measurements	  consistent	  with	  LO	  

predicBons	  (LHCb	  arXiv:1406.4789).	  	  
§  No	  new	  physics	  up	  to	  ~1	  TeV.	   20	  

CA
-0.1 0 0.1-2

8

ATLAS dilepton  0.009± 0.015 ±0.024 

ATLAS dilepton  0.017± 0.025 ±0.021 

ATLAS l+jets  0.005± 0.010 ±0.006 

CMS dilepton  0.006± 0.010 ±0.009 

CMS dilepton  0.008± 0.017 ±-0.010 

CMS l+jets  0.011± 0.010 ±0.004 
ATLAS+CMS l+jets  0.006± 0.007 ±0.005 

 0.0005  ±0.0123 Theory (NLO+EW)
[PRD 86, 034026 (2012)]

 0.0003  ±0.0070 Theory (NLO+EW)
[PRD 86, 034026 (2012)]
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Czakon	  et	  al.	  2014,	  CKM2014,	  Vienna,	  9	  Sep.	  2014	  	  

No	  asymmetry	  	  
at	  the	  leading	  order.	  



Top	  ProperBes:	  j	  Spin	  CorrelaBon	  (l+jets)	  
using	  the	  matrix	  Element	  Method	  	  
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Hypothesis	  tesBng	  using	  sample	  likelihood	  	  
raBos:	  SM	  vs	  uncorrelated	  top	  -‐	  anB-‐top	  quark.	  

Template	  fit	  to	  event	  likelihood	  raBos:	  
SM	  vs	  uncorrelated	  top	  -‐	  anB-‐top	  quark.	  

f = 0.72± 0.09 stat.( )−0.13
+0.15 (syst.)

Ahel
measured = 0.22± 0.03 stat.( )−0.04

+0.05 (syst.)
Data	  agree	  with	  	  
SM	  within	  2.2σ	  and	  uncorrelated	  j	  within	  2.9σ	  	  

Most	  precise	  measurement	  of	  f	  in	  lepton+jets	  channel.	  
Precision	  similar	  to	  dilepton	  channel.	  

Calculate	  the	  likelihoods	  using	  MadWeight:	  P.	  Artoisenet,	  V.	  Lemaitre,	  F.	  Maltoni,	  and	  	  
O.	  Majelaer,	  “AutomaBon	  of	  the	  matrix	  element	  reweighBng	  method”,	  JHEP	  1012	  (2010)	  068	  



Other	  Top	  ProperBes	  à	  No	  New	  Physics	  
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No	  anomalous	  couplings	  in	  the	  Wtb	  vertex.	  
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Conclusions	  
§  Top	  quark	  plays	  an	  important	  role	  in	  tesBng	  and	  
understanding	  QCD,	  electro-‐weak,	  flavor	  and	  searches	  for	  
new	  physics.	  

§  j	  cross	  secBon	  
§  SM	  predicBons	  at	  NNLO.	  à	  Experimental	  precision	  <5%.	  	  

§  Top	  pair	  differenBal	  cross	  secBons	  	  
u  NLO	  (+PS)	  MC	  predicBons.	  	  
u  SM	  predicBons	  at	  NNLO.	  	  
u  Simultaneous	  precise	  determinaBon	  of	  top	  quark	  mass,	  strong	  
coupling,	  and	  constraints	  on	  PDFs	  (esp.	  gluon	  PDFs	  at	  high	  x).	  	  	  

§  Run-‐II	  measurements	  at	  ulBmate	  precision	  require	  dedicated	  
effort	  in	  top	  quark	  event	  modeling.	  	  	  

	   23	  



Conclusions	  
§  Top	  quark	  mass	  

u  <1	  GeV	  precision	  in	  a	  single	  
measurement	  ~	  world	  combinaBon	  

u  Top	  mass	  related	  variables	  vs	  event	  
kinemaBcs	  to	  improve	  understanding	  
of	  its	  interpretaBon.	  	  

u  AlternaBve	  top	  mass	  measurements	  
to	  defeat	  systemaBc	  obstrucBons.	  	  
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§  Pin	  down	  top	  properBes	  (both	  from	  j	  and	  single-‐top)	  with	  
increased	  precision	  and	  bejer	  methods.	  
u  Couplings,	  branching	  raBos,	  j	  spin-‐correlaBon,	  asymmetries,	  
polarizaBons,	  FCNC,	  …	  

§  LHC	  Run	  I	  set	  the	  stage	  for	  new	  physics	  searches	  and	  other	  
precision	  measurements.	  	  



§  Lumi	  delivered	  to	  CMS	  by	  Sunday:	  ~	  6pb-‐1.	  
u  Already	  have	  thousands	  of	  top	  quark	  events	  from	  √s	  =	  13	  TeV	  collisions.	  	  
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Backup	  
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The	  Gfijer	  Group,	  M.	  Baak	  et	  al.,	  	  
EPJC	  72,	  2205	  (2012)	  

mH = 94−22
+25GeVElectroweak	  fit	  before	  	  

H	  boson	  discovery:	   consistent	  with	  measured	  mH	  within	  1.3σ.	  

mH
CMS−Run I =125.02−0.27

+0.26 (stat)−0.15
+0.14 (sys.) GeV arXiv:1412.8662	  

Analysis	  assumes	  that	  the	  SM	  is	  the	  fundamental	  theory	  with	  nothing	  beyond.	  
	  
à	  One	  of	  the	  most	  criBcal	  tests	  of	  the	  standard	  model!	  	  



DifferenBal	  Measurements	  in	  the	  single	  
top	  t-‐channel	  

§  Different	  implementaBons	  for	  b-‐quark	  modeling	  in	  the	  iniBal	  state	  for	  NLO	  generators.	  
§  CompHep:	  combinaBon	  of	  2à2	  and	  2à3	  processes	  based	  on	  the	  pT	  spectrum	  of	  the	  

second	  b	  quark	  (as	  an	  NLO	  approximaBon).	  	  	  	  
§  Data	  distribuBons	  (corrected	  to	  parton	  level)	  are	  described	  well	  by	  both	  NLO	  and	  LO	  MCs	  +	  

Pythia6.	  	  

28	  CMS-‐PAS-‐TOP-‐14-‐004	  



Dependence	  of	  Top	  Mass	  on	  Event	  
KinemaBcs	  
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color	  recon.	  

ISR/FSR	  

b-‐quark	  kin.	  
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AlternaBve	  Top	  Quark	  Mass	  
Measurements	  

§  Measurements	  with	  different/independent	  systemaBc	  
uncertainBes	  or	  with	  different	  mt	  definiBons.	  	  

30	  

§  +	  Mass	  from	  kinemaBc	  end-‐points	  (mlb).	  	  
§  AlternaBve	  measurements	  compaBble	  with	  standard	  measurements	  but	  not	  as	  

precise	  yet.	  	  

b-‐quark	  kinemaBcs	  from	  J/ψ.	  
à	  precise	  fragmentaBon	  funcBons.	  	  

TOP-‐13-‐007	  

Top	  mass	  from	  B-‐hadron	  lifeBme.	  
à  Lxy	  from	  tracks.	  
à No	  jet	  reconstrucBon.	  	  
à	  jbar	  and	  top	  kinemaBcs.	  	  

mJ /ψ+ℓ ∝mt
Lxy ∝mt



ProjecBons	  for	  Upgraded	  LHC	  

§  Basic	  assumpBons	  
u  improvements	  in	  experimental	  and	  theoreBcal	  systemaBc	  
uncertainBes	  believed	  to	  be	  possible	  with	  the	  large	  datasets	  of	  
the	  future.	  	  

u  No	  limiBng	  irreducible	  uncertainBes	  (none	  known	  currently).	  
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Top	  ProperBes:	  j+W/Z	  
§  jZ	  à	  Direct	  measurement	  of	  top-‐Z	  coupling.	  
§  j+Z/W	  important	  backgrounds	  to	  jH.	  	  

σ
8 TeV

ttZ( ) =σ 8 TeV
ttW( ) ≈ 200 fb

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Significance	  
	  	  	  	  	  	  	  	  	  	  	  	  Expected	  	  	  	  Observed	  
jZ	  	  	  	  	  	  	  	  	  	  	  	  	  5.73	  	  	  	  	  	  	  	  	  	  	  	  6.44	  
jW	  	  	  	  	  	  	  	  	  	  	  3.54	  	  	  	  	  	  	  	  	  	  	  	  4.81	  	  	  	  

+	  Constraints	  on	  the	  axial	  and	  	  
vector	  components	  of	  the	  top-‐Z	  
coupling	  using	  EFT.	  	  
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Top	  ProperBes:	  j+γ/H	  

33	  

Measuring	  top-‐Yukawa	  coupling:	  
One	  of	  the	  most	  important	  
Goals	  of	  LHC	  Run	  II.	  	  

jγ	  observed	  at	  7	  TeV	  (ATLAS)	  
Cross	  secBon	  measured	  at	  8	  TeV	  (CMS):	  



Top	  ProperBes:	  Branching	  RaBos	  

34	  
arXiv:1404.2292	  


