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The Tevatron pp Collider at Fermilab
_
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The Top Quark

nucleus
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Top Quark Pair Production

Tevatron 
(~85%)

LHC
 (~87%)

(8 TeV)
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Top Quark Pair Signatures

• high pT leptons, missing ET
• jets
• b-jets

τ’s
14%

dilepton (e/μ)
6%

e/μ+jets
34%

alljets
46%
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tt production density matrix
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_

• systematic analysis of the top quark pair 
production mechanism
• high precision measurements
• high sensitivity to new physics
• new and complementary to the LHC

Top quark properties

10 fb-1
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tt production density matrix
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_

Bernreuther, Heisler, Si, JHEP 1512, 026 (2015)
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tt production density matrix
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_

• spin information is contained in decay products

• almost 100% 
analysis power

Bernreuther, Heisler, Si, JHEP 1512, 026 (2015)
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tt production density matrix
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_

determines cross section and 
distributions independent of top spin 
(e.g. ptT distribution etc.)

• test of QCD predictions
• search for new physics
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Lepton+Jets Channel

scalar sum of transverse momenta of jets and lepton
10
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Multivariate analysis

+ + … =
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±7.9%

2, 3, ≥4jets
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Dilepton Channel

➞ signal and background look similar

τ+

τ-

“isolated” e+

12

±9.0%

1, ≥2jets
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tt cross section summary
_

±7.3%
NNLO+NNLL

➞ in agreement with SM

13

systematic uncertainties:
• modeling
• b-tagging
• luminosity

D0 Note 
6453-CONF

±5.4%
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Extraction of top pole mass

➞ in agreement with 
world average of MC mass 
of 173.34±0.76 GeV

±1.9%

quantum field theoretically
well defined mass parameter! 
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Preliminary

D0 Note 6453-CONF
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Searches for new physics
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➞ no new physics

• high pTjet

• heavy W’ boson

extending LHC limits

PRL 115, 061801 (2015)

PRD 91, 032006 (2015)
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tt production density matrix
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_

b1±, b2± ≠ 0: P-violation
(=0 in LO QCD)

b3± ≠ 0: CP-violation, 
(≠0 through absorptive parts)

longitudinal polarisation transverse polarisation
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Longitudinal and transverse polarisation
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➞ in agreement with SM

NEW
D0 Note 6471-CONF
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Forward-backward tt asymmetry

18

_

• complementary to LHC

SM BSM

vector axial vector

axigluon
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Asymmetry and polarisation
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• ME integration method to reconstruct events
• background subtraction and calibration give true 
parton-level distributions

PRD 92, 052007 (2015)

polarisation
(helicity)

asymmetry
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tt FB asymmetry
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• optimised kinematic top pair reconstruction 
• Bayesian procedure to extract parton-level 
asymmetry

_

arXiv:1602.09015
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Summary: tt FB asymmetry
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_

➞ in agreement with SM

PRD 92, 052007 (2015)

PRD 92, 052007 (2015)

arXiv:1602.09015

arXiv:1602.09015

PRL 115, 052001 (2015)

AFBbb in agreement 
with SM
arXiv:1601.06526
PRD 92, 032006 (2015)

_
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tt production density matrix

22

_

spin correlation
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Spin correlation

Tevatron

3S1

• dominated by qq annihilation
• tt pairs close to the threshold
• beam axis as spin quantisation axis
   NLO QCD: A = 0.78

 
 

• dominated by gg fusion
• tt pairs far off the threshold
• helicity basis as spin quantisation axis
   NLO QCD: A = 0.32

 

_
_ _

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

g g

LHC

23

complementary between Tevatron and LHC

spin correlation
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New physics impact on spin correlations

24

• important test of SM and sensitive search for physics beyond
• analyse the whole chain of top pair production and top decay 

SM

_ _

“stealth stop”

SUSY

➞ SM spin correlation ➞ no spin correlation

_
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discriminant:
ME technique

combination:
dilepton & l+jets

NLO QCD:

➞ evidence for spin correlation with 4.2σ

Measurement of Spin Correlation Strength

• interpolate between beam and
  helicity basis
• optimised “off-diagonal” basis

 

 

arXiv:1512.08818
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Conclusions

➞ LHC offers new era of high precision
    and new phenomena discoveries

26

• Tevatron had very successful top 
quark analysis program

   - observation
- development of analysis 
techniques
- high precision measurements
- searches for new physics

• legacy results on the full dataset 
complement LHC

- different centre-of-mass energy
- different initial state pp

• Presented a systematic analysis of 
top quark properties in pair 
production

➞ top quark as predicted by SM

_



- Christian Schwanenberger -Top Quark Physics at Tevatron Moriond EW

 

27

Backup
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Dilepton top mass at the Tevatron

±0.9%

±1.8%
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update

update
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Top mass at the LHC 

±0.29%

±0.73%

±0.28%

➞ jet energy scale is crucial
29
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What mass do we measure?

30
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What mass do we need?

e.g. pole mass
• every MC generator mass can can 
correspond to a different pole mass

31

• we measure the MC mass
• we need the pole mass

• we need to calculate:

• we need the pole mass
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Search for W’ production
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➞ no new physics

13 TeV

2.38 TeV
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FB asymmetry of bb production

33

_

➞ in agreement with SM

b

b
_

arXiv:1601.06526
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FB asymmetry of bb production
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_

➞ in agreement with SM

b

b
_

PRD 92, 032006 (2015)
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FB asymmetry of bb production
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_

➞ in agreement with SM

axigluons of 200 GeV
excluded at >95% CL

b

b
_

PRD 92, 032006 (2015)
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Charge Asymmetry

NLO QCD • complementary to the LHC

“NLO is LO for asymmetry”
36
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Forward Backward and Leptonic Asymmetry

37

Afb = 0.162 ± 0.047 (stat.+syst.) 
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tt production density matrix

38

(LO)

determines cross section and distributions 
independent of top spin (e.g. ptT distribution etc.)

b1±, b2± ≠ 0: P-violation
(=0 in LO QCD)

c1, c2, c3, c4: C-even, P-even
≠0 in LO QCD

b3± ≠ 0: only in NLO QCD, “T”-odd
(absorptive parts)

c5, c6: P-odd, CP-odd
≠0 only in BSM

➞ systematic analysis of top quark properties

arXiv:1307.6511 [hep-ex]
ATLAS-CONF-2013-101

_

http://arxiv.org/abs/1307.6511
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Top Pair Spin Correlation

DØ Collaboration, 
PRL 106, 022001 (2011)

• top quark: discovered in 1995 by CDF&DØ
• does the top quark have spin 1/2?
• top quark pair production: top quarks are 
not polarised, but spin of top and anti-top 
quarks are correlated 

_ 

• top quarks have short lifetime: 

• decay before spins can flip
• spin information is contained in decay product
• measure tt spin correlation: consistent with SM prediction for a spin 1/2 particle?

    0.9
0.6

arXiv:1201.4156 [hep-ex]

39
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correlation strength:

Polarisation power

dilepton channel promises largest sensitivity

linear extraction:

A=C

in tt ZMF frame-

Brandenburg, Si, Uwer,
Phys. Lett. B539, 235 (2002)
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• interpolate between beam and
  helicity basis
• optimised “off-diagonal” basis

   NLO QCD: A= 0.78

 
 

Spin correlation strength
Tevatron

• there is no “optimal” basis for  gg 
   fusion on an event-by-event basis
• maximal basis

   NLO QCD: A = 0.44

 

Bernreuther, Brandenburg, 
Si, Uwer, Nucl. Phys. B690, 81 (2004)

LHC

Uwer, Phys. Lett., B609:271–276, 2005

HERWIG++

41
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New physics impact on spin correlations

42

• important test of SM and sensitive search for physics beyond
• analyse the whole chain of top pair production and top decay 

SM

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

φ0
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Matrix Element Method

H=correlated
or
H=uncorrelated
spins
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Matrix Element

44

kinematics of top 
and anti-top decay

H=uncorrelated
G. Mahlon and S. J. Parke, 
Phys. Rev. D 53, 4886 (1995)
Phys. Lett. B 411, 173(1997)

/2

β: velocity of top in tt rest frame
sqt: sine between initial quark and top

_
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Matrix Element

45

kinematics of top 
and anti-top decay

H=correlated

G. Mahlon and S. J. Parke, 
Phys. Rev. D 53, 4886 (1995)
Phys. Lett. B 411, 173(1997)

β: velocity of top in tt rest frame
sqt: sine between initial quark and top
cqt: cosine between initial quark and top

_
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First Evidence for Spin Correlation

46

discriminant

MEs: per event ↔ spin correlation: ensemble of events

combination:
dilepton & l+jets

correlation strength:

NLO QCD:
➞ first evidence for spin correlation with 3.1σ

Phys. Rev. Lett. 107, 032001 (2011)

Phys. Rev. Lett. 108, 032004 (2012)

C = 0.85 ± 0.29 (stat+syst)
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Exclusion Limits

 f > 0.344
 at 95% CL

first exclusion of 
hypothesis H=uncorrelated 
(f=0) with >99.7% CL: 3.1σ σtt in agreement with SM_
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Single Top Quark Production

⇒ important to measure all channels separately to search for new physics
    BUT: do not separate Wt in higher orders - an unphysical question!

48
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Recontructed Top Mass

➞ signal and background look similar
➞ errors larger than signal contribution

49
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Multivariate Analyses

50

➞ s+t channel observed by CDF and D0 in 2009
➞ important step to establish MVA techniques
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s-channel  Production

51

• Tevatron: combine individual discriminants including all correlations
Phys. Rev. Lett. 112, 231803 (2014)

➞ observation: 6.3 s.d.
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Single channel cross sections

0 1 2 3 4

Tevatron single top quark summary

Cross section [pb]
 = 172.5 GeV tm

Measurement Cross section [pb]
s-channel:

t-channel:

s+t:

PRL 112, 231805 (2014)
CDF

  -0.32
 +0.371.36

PLB 726, 656 (2013)
D0

  -0.31
 +0.331.10

PRL 112, 231803 (2014)
Tevatron

  -0.24
 +0.261.29

CDF-CONF-11033 (2014)
CDF

  -0.36
 +0.381.65

PLB 726, 656 (2013)
D0

  -0.49
 +0.543.07

Tevatron   -0.31
 +0.292.25

CDF-CONF-11033 (2014)
CDF

  -0.48
 +0.493.02

PLB 726, 656 (2013)
D0

  -0.55
 +0.604.11

Tevatron   -0.40
 +0.523.30

Theory (NLO+NNLL)
PRD81 054028 (2010), PRD83 091503 (2011)

this is the final word 
from the Tevatron!

➞ observation

➞ all production modes observed!

|Vtb|=0.998±0.041
|Vtb|>0.92 @ 95%CL

±4.1%

52

➞ observation

➞ no hint for anomalous contribution
13 TeV
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Top Quark Pole Mass

➞ pole mass 
unambiguously! 

±1.0%

±1.4%

53



- Christian Schwanenberger -Top Quark Physics at Tevatron Moriond EW

Spin correlations for “Stealth” Stop

➞ no hint of stop quarks
54

R
at

io
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Stop searches

➞ using a “standard candle” for complementary exclusion
55

mt >198 GeV~
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The Top Quark
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1000s of events

The Top Quark
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1000s of events

The Top Quark
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1000s of events

The Top Quark
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1000s of events

The Top Quark

• high precision measurements
• sensitivity to new phenomena
• complementary to LHC
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  June 3rd, 2015: First Collisions @ 13 TeV

61


