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Why top now?

Top is unstudied

Tevatron studies of the top quark have limited statistical 
precision.

Top is special

1/mt       <    1/Γt    <    1/Λ           <     mt/Λ2                                      
Production time <    Lifetime     <  Hadronization time   <  Spin decorrelation time

Top quark may play a special role in Electroweak 
symmetry breaking and other BSM physics.

Top is ubiquitous. 

Top cross section is large at LHC because of large gluon 
flux

Top-related processes are significant backgrounds for new  
physics.

2

Friday, September 21, 2012



Top2012 -  Keith Ellis, Winchester, September 2012 

LHC is the new elephant in the room

LHC accumulated luminosity will in ~10 years surpass the B-factories

Cross sections are roughly the same for bbar and ttbar respectively.

A low mass Higgs ensures that physics at the scale of 100-200 GeV will 
not be dropped from the trigger menu.

Production dynamics of top will be studied in exquisite detail.

Need simulation tools adequate for the task.
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How well do we need to measure the top mass?

Top mass is a parameter in the QCD Lagrangian.

It is already the best known of all the quark masses.

We should measure it to the best of our ability (as 
resources allow).
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How well do we need to know the top mass? (bis)

2012 values

In the metric provided by the ρ-
parameter, the top mass, precision 
required is  ΔMt ≈ 160 ΔMW.

In flavor physics the top mass is 
needed as an input to loop 
processes. Processes with Z-
penguins depend as mt

2.

Higgs mass in the MSSM depends 
on mt

4.

ILC projected uncertainty, ΔMt ≈ 
200-300 MeV, arXiv:0709:1893 

5

Errors on MW and Mt 
required by ρ-parameter
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mt in flavor physics, eg. KL→π0νν
Effective hamiltonian

Error budget is completely 
dominated by CKM parameters Vcb 
and η.

Even with ΔVcb/Vcb=1%, top mass 
error gives only 9% of total error 
budget.

For currently envisaged engineering 
purposes Δmt≈1GeV is sufficient.
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Brod and Gorbahn, arXiv:0804.4119
Brod, Project X Phyics study, FNAL,June 2012  

Δmt=1.4GeV
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mt ,Higgs mass and vacuum stability.

Higgs potential at High scale can be 
estimated using renormalization group 
arguments

In the quartic approximation the stability of 
V(ϕ) is equivalent to the positivity of λ.

Depends sensitively on the top mass
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Vacuum stability

An up-to-date analysis indicates that we are in the 
stable/metastable region. 
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De Grassi et al, arXiv:1205.6497
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Top rate predictions, (in a perfect world). 

In a perfect world we would have:- 

Full calculations 
(NLO,N2LO,N3LO...) to every 
final state, say    e-νbμ+vb+X, 
including singly resonant and 
non-resonant diagrams, 
production-decay 
interference, color connection 
effects. 

all matched with a parton 
showers.

all non-standard model 
theories included.

all running on your Iphone!
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First steps on this road, Bevilacqua et 1012.4230
Denner et al, 1012.3975.1208.5018 and cf similar steps for single top 

reviewed by Falgari

Worek
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Resonance Approximation - a good first step 
In leading order (LO) we can treat top quark production exactly including off-
resonance contributions and top quark decays.

At NLO we treat top production in the pole approximation.  

Top quarks are produced on shell and then decay giving access to the kinematics 
of the decay products.

All spin correlations are kept.

A systematic approximation extensible to NLO, NNLO....for both production and 
decay

Production and decay are separately gauge invariant.

 Finite top-width effects are found to be at the 1-2% percent level (c.f.Falgari) whenever 
top quark resonances dominate. ie for top physics, but perhaps not in BSM searches.
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Example for s-channel 
single top at LO
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Spin correlations at NLO

Include full spin correlations in tree, real and virtual 
matrix elements (included in MCFM, Bernreuther and Si, MCFM+Powheg, 

Campbell, Nason, Ellis, unpublished)

Powheg and MC@NLO generate un-decayed ttbar 
pairs and introduce the decay spin correlation by 
reweighting

A full validation of where there are differences should 
be done.
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Frixione et al, hep-ph/0702198
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tt total cross section

Best current predictions are NNLO (approx) or NNLL.

Significant differences between calculations. 

NNLL calculations sum αs ln2β.

A real honest NNLO calculation is needed.
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Beneke et al, 1109.1536

Czakon

“    “
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Exact NNLO total cross section 

Implementation of known small and large β limits.

O(αs4) contribution known as a numerical fit.

Channels calculated, 

Remaining channel gg,                                       
(essential for LHC)

Applied to the Tevatron,                                          
results in a 50% reduction                                            
of scale dependence,                                                   
wrt to NLO+NNLL calculation.   
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Barnreuther  et al, 1204.5201

Czakon
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Top and Co: associated production

Results for ttγ both at the Tevatron(Jung) and the LHC
(Soares).

With associated production of heavy boson with top 
we move definitely beyond the Tevatron era.

first experimental results on ttZ and ttV production at 
the LHC (Soares). 

14
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Associated production: current status

15

Final 
state

Top 
decay

NLO
in Top 
decay

Full Virtual 
spin 

correlations 

Matching with 
parton 
shower 

Reference

ttγ ✓ ✓ ✓ ✗
Melnikov et al, 

1102.1967

ttγ ✗ n/a n/a ✗
Duan et al,PRD80,

(2009),014022

tt-jet ✗ n/a n/a ✗
Bevilacqua et al,  , 
arXiv:1002.4009

tt-jet ✗ n/a n/a ✗
Dittmaier et al,  ,hep-

ph/0703120

tt-jet ✓ ✗ ✗ ✓ Alioli et al, 1110.5251

tt-jet ✓ ✗ ✗ ✓ Kardos et al, 
1101.2672

tt-jet ✓ ✓ ✓ ✗
Melnikov et al, 

1004.3284

tt-bb ✗ n/a n/a ✗
Bredenstein et al,  
arXiV:1001.4006

tt-bb ✗ n/a n/a ✗
Bevilacqua et al,  , 
arXiv:0907.4723

tt-2jet ✗ n/a n/a ✗
Bevilacqua et al, , 

arXiv:
1002.4009,1108.2851

tttt ✗ n/a n/a ✗
Bevilacqua et al,  , 
arXiv:1206.3064

Legend
✓=done

✗=not done
n/a =not 
applicable
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Top & Co:Associated production of massive bosons

Cross sections for 
associated production 
are quite small ~100fb 
at current energies, 
before inclusion of 
efficiencies and 
branching ratios.

About 1/1000 events 
contain ttV.
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Campbell and RKE, arXiv:1204.5678
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Associated production with ttbar: current status
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Final 
state

Top 
decay

NLO
in Top 
decay

Full Virtual 
spin 

correlations 

Matching 
with 

parton 
shower 

Reference

ttH ✗ n/a n/a ✗
Beenakker et al, hep-ph/

0107081

ttH ✗ n/a n/a ✗
Reina et al, hep-ph/

0109066,hep-ph/0305087

ttH ✓ ✗ ✗ ✓ Kardos et al. , arXiv:
1108.0387

ttH ✓ ✗ ✗ ✓ Frederix et al ,1104.5613

ttZ ✗ n/a n/a ✗
Lazopoulos et al. , arXiv:

0804.2220

ttZ ✓ ✗ ✗ ✓ Kardos et al. , arXiv:
1111.0610,1111.1444

ttW ✓ ✓ ✓ ✗
Campbell ,Ellis, arXiV:

1204.5678

ttW ✓ ✗ ✗ ✓ Garzelli et al. , arXiv:
1208.2665Legend

✓=done
✗=not done Need to establish if there is added value from full virtual spin correlations
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Associated production of single top with W,Z,h

Cross sections are small.

Single top with an associated 
W boson observable? (looks 
too much like tt-pair 
production). 

Single top with an associated 
Z-boson (~1/450 of t-channel 
single tops at √S=7 TeV).

Single top with an associated 
H-boson (~1/3000 of t-channel 
single tops at √S=14TeV).

18

Friday, September 21, 2012



Top2012 -  Keith Ellis, Winchester, September 2012 

Single top production with an associated Z0

Add an additional Z0 boson to t-channel single top production.                                                                                     

Should show up in trilepton signatures

Signal μ+μ- e+ + 1-jet(forward)+1jet(btag) + missing energy

σ(pp→t+Z) +σ(pp→t+Z)@8TeV ~ 200fb 

NB σ(pp→tt+Z) ~200fb@8TeV (μ+μ- e+ + 4-jet(forward)+2 btags+ missing energy)

Physics background σ(pp→ W+/W-+Z+2 jets) ~ 400fb, without b-tag or 
forward jet, (NB σ(pp→ W+or W-+Z) measured ~20pb)

19

-
-
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Gauge cancellation in single top +Z

Cross section setting gWWZ=0 or gqZq=0 is about 5x 
bigger, and has different energy dependence.

Measurement of single top+Z is as important as measuring 
the WZ pair cross section, with the added bonus that it is 
(somewhat) sensitive to the coupling of the top quark to the Z.

20
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Single top + Higgs
A top production mechanism that is rarely talked about.                    
(but see Maltoni et al, hep-ph/016293, Barger et al 0911.1556)

Cross section is significantly reduced by destructive interference 
between the radiation off the W and off the top.

Sensitive to relationship between  gwwh and gtth

21
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Single top + Higgs

Observation for the attobarn era!

WW decay mode gives 2 same sign leptons, missing 
energy and 4 jets (one forward, one b-tagged, two (W))

Physics background σ(pp→ttW+→e+e++4jets)~7fb   
(two b-tagged).  

22

}Too like ttbar?

}Best shot?

}too small
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Forward-backward asymmetry at the Tevatron

Vanishing asymmetry in LO

Non zero asymmetry appears in NLO in QCD

All current estimates of this asymmetry are effectively 
leading order predictions.

23

Halzen, Hoyer and Kim 

(1987)

Virtual radiation ptt=0

real radiation ptt>0
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Forward backward asymmetry in parton showers

Although forward-backward asymmetry is a NLO effect, LO 
parton showers show a qualitatively similar effect as a result of 
coherence. (Skands et al, arXiv:1205.1466)

qqbar scattering simplifies in leading N. More radiation when 
color connected lines are in the backward direction than the 
forward.

24
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Forward backward asymmetry in parton showers

Looking at the difference between                                                                                                        
and

In the soft limit we have

Wij is the eikonal factor

Asymmetry vanishes for N=2 

Coherence effect over-estimated in parton showers (Nc2-4)/Nc →
(Nc2-1)/Nc in Monte Carlo (~60% over-estimate)

25
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Parton shower asymmetry

26

Considerable spread in MC predictions
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Asymmetry in parton showers

27

NLO QCD

SHERPA1.3.1 [def]

SHERPA 1.4.0 [def]

Pythia 8.163 [def]

Pythia 6.426 [P0]

Pythia 6.426 [D6T]

Pythia 6.426 [def]

Herwig++ [def]

-1.75 0 1.75 3.5 5.25 7

Parton Shower Inclusive asymmetry
In addition to coherence, in 
order to generate an 
asymmetry, the parton shower 
must contain the possibility of 
reordering of the top and anti-
top rapidity in the branching 
process.

Wide range of asymmetries 
generated by the parton 
showers, depending on 
whether the parton branching 
strategies permit longitudinal 
re-ordering of the top. 

Asymmetry %
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Conclusions on asymmetry in parton showers

Need to be aware of the asymmetry in parton shower 
programs when performing the analysis.

Any bias against extra jets in the analysis could 
increase the measured asymmetry

This subtle effect can provide a tool to tune recoil 
strategies in the parton shower programs.

28

Skands et al, arXiv:1205.1466
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Spin correlations

In the SM the net polarization of top quark pairs is small. 

Angular distribution of top quark decay products correlated with the 
top spin axis

(θi is the angle between decay product and top quark spin in top rest 
frame).

Charged lepton has the most analyzing power.

29

Parke
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Choice of spin quantization axis

By judicious choice of the spin quantization axis we 
can maximize the correlations between the top and 
the anti-top.

Best choice of the quantization axis, depends on 
whether the process is dominated by qq (Tevatron) or 
gg (LHC)

Like helicity gluons, that dominate at low invariant 
mass, are best described by in helicity basis for all β

30
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Azimuthal separation of leptons in top decay

Method of looking for spin correlations that does not  require top 
reconstruction (Mahlon and Parke arXiv:1001.3422)

Measured by Atlas and CMS

Theory curve MCFM shows the importance of including radiation on decay.

31

Campbell, Ellis, Nason (unpublished)
Mahlon and Parke 1001.3422
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Top news in 2012

Top turns 17 and leaves home.

32

➠

“It seems like she was just starting kindergarten -- and now your 
child is going off to college. When a child moves away from 
home for the first time, it can be very exciting -- but anxiety-
inducing.”

How to cope 

when your child 

leaves for college
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The top ten anxieties
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The top ten anxieties
Will she keep moving predominantly forward? (Amidei)

33

Friday, September 21, 2012



Top2012 -  Keith Ellis, Winchester, September 2012 

The top ten anxieties
Will she keep moving predominantly forward? (Amidei)

Will she be able to solve her weight problem? (Moch)
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The top ten anxieties
Will she keep moving predominantly forward? (Amidei)

Will she be able to solve her weight problem? (Moch)

How much time will she spend alone? (Falgari)
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The top ten anxieties
Will she keep moving predominantly forward? (Amidei)

Will she be able to solve her weight problem? (Moch)

How much time will she spend alone? (Falgari)

Will her Polish boyfriend ever finish his master’s thesis?(Czakon)
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Will she keep moving predominantly forward? (Amidei)

Will she be able to solve her weight problem? (Moch)

How much time will she spend alone? (Falgari)

Will her Polish boyfriend ever finish his master’s thesis?(Czakon)

Does she really have to hang out with those bosons? (Soares,Jung, 
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The top ten anxieties
Will she keep moving predominantly forward? (Amidei)

Will she be able to solve her weight problem? (Moch)

How much time will she spend alone? (Falgari)

Will her Polish boyfriend ever finish his master’s thesis?(Czakon)

Does she really have to hang out with those bosons? (Soares,Jung, 
Santiago)

Will she get mixed up with unsavoury operators? (Perez-
Victoria,Kamenik)

When she feels peculiar will she call me, before she calls her new 
friends? (Schwanenberger)

Will she ever come home? (Teubner)

Will her friend SUSY get admitted to the same school?

When she meets with her new friends in Winchester, will everyone 
have a good time? (Boisvert)
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