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The Hunt is On For tt Resonances

CMS PAS EXO-11-006 
(886/pb, all-hadronic)
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.
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210  = 7 TeVs at -1CMS Preliminary, 886 pb
Combined type 1+1 & 1+2

Observed (95% CL)
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 Expected# 1±

 Expected# 2±

KK Gluon, Agashe et al
Topcolor Z', 3.0% width, Harris et al
Topcolor Z', 1.2% width, Harris et al

Figure 11: The 95% C.L. upper limit on a product of the production cross section of Z� and a
branching fraction for its decay into tt̄ pair, as a function of assumed Z� mass, for a combination
of “1+2” and “1+1” channels. The limits are evaluated using a Bayesian procedure, integrated
with Markov Chain MC. Three theoretical models are examined in shades of purple. From top
to bottom: a Kaluza-Klein gluon from Ref. [10], updated to 7 TeV via private communication
with the authors (Note: the KK gluon model has a width larger than that of the signal Monte
Carlo); a topcolor Z� model from Ref. [25] with width 3%; and a topcolor Z� model from Ref. [25]
with width 1.2%. (a) linear scale (b) log scale.
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.

ATLAS-CONF-2011-087
(200/pb, l+jets) 
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Figure 6: Expected (dashed line) and observed (black points connected by a line) upper limits on

σ× BR(Z� → tt̄) (a) and σ× BR(gKK → tt̄) (b) using the dRmin algorithm. The dark and light green

bands show the range in which the limit is expected to lie in 68% and 95% of experiments, respectively,

and the red lines correspond to the predicted cross-section times branching ratio in the leptophobic top-

colour and RS models. The error bars on the topcolour cross-section curve represent the effect of the

PDF uncertainty on the prediction.

12 Summary and conclusions

A search for top quark pair (tt̄) resonances in the lepton plus jets final state has been performed with the

ATLAS experiment at the LHC. The search uses a data sample corresponding to an integrated luminosity

of 200 pb
−1

, and was recorded at a proton-proton centre-of-mass energy of 7 TeV. No evidence for a

resonance is found. Using the reconstructed tt̄ mass spectrum, limits are set on the production cross-

section times branching ratio to tt̄ for narrow Z� models. The observed 95% C.L. limits range from 38

pb at m = 500 GeV to 3.2 pb at m = 1300 GeV. In Randall-Sundrum models, Kaluza-Klein gluons with

masses below 650 GeV are excluded at 95% C.L.
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What if We Actually Find A Bump?

• What’s the spin?
• Are the tops polarized?
• What are the C & P quantum #s?



Goals for This Talk

• Show that the azimuthal decay angles of the two tops 
about their production axis can be highly correlated, and  
encode valuable information 
– Signed ratio of chiral couplings for spins 1 & 2:  discriminate 

vector / axial (*missed by other common variables)
– Simple measurement of CP phase for heavy spin-0
– Discrimination of spin-0 from higher spins
– Direct manifestation of top spin correlations within the SM itself

• Show that the correlation is easy to measure, even in 
dileptonic channel
– Can do quite well without detailed kinematic reco using MET



Perhaps This Sounds Familiar?

h -> ZZ -> 4l

coeff’s α and β sensitive to CP phase



Maybe Less Familiar: Z->ττ at LEP

• Double one-prong events
– no attempt to reconstruct neutrinos
– know the CM frame, get to sit on resonance

• Azimuthal angle of one visible particle about the other follows cos(2φ) 
distribution

• Signed amplitude measures vector/axial admixture of Z coupling to taus

ALEPH, CERN OPEN-99-355



Common Observables for X->tt
• Lineshape interference

– convolution of top and quark/gluon couplings
• ttbar production angle

– resonance spin
• Single-side top polar decay angles

– chirality bias
• Double-side polar angle correlation

– resonance spin (again)
• 3D opening angle between top & antitop decay 

products in a common frame
– CP phase for scalar

7
reviewed in Frederix & Maltoni, arXiv:0712.2355



Helicity Interference at High 
Invariant Mass
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Lepton as Spin Analyzer
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Dilepton Polar Decay Angle 
Correlation

scalar pseudoscalar

vector

Frederix & Maltoni, arXiv:0712.2355

axial vector

800 GeV Resonances, helicity basis



Dilepton 3D Angle

Bai & Han, arXiv:0809.4487

after event reconstruction, boosting 
both tops to rest



Lepton as Spin Analyzer
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Coordinates
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Coordinates
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Coordinates
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Coordinates
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Full Dilepton Angular Dependence 
at High Invariant Mass

• Spin-0 will exhibit φ-φ modulation
• Spin-1(2) will exhibit φ+φ modulation

all other top decay variables factorize off

(lepton energies, b & ν orientation)



Spin-0

pure scalar:     α = 0

pseudoscalar:  α = π/2



If We Just Measure φ

60% modulation

• Don’t need to measure the polar angles
• Spin-1(2) doesn’t modulate in this variable, nor 

does the SM continuum
– clean discrimination from other spins
– clean discrimination from background



Spin-1
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Spin-1

integrate out Θ

pure vector: -30%

pure axial:   +30%

pure chiral:      0

gL

gR

-/+ 60% for central production

ξ



Three (Rather Important) 
Questions

• Is it possible to isolate the resonance region in 
dileptonic mode?

• Even if we can, are these angles robust to 
measurement uncertainties?

• Dileptonic is rare, can’t we use l+jets?



Dileptonic Resonance Peak

narrow 2 TeV vector SM continuum (LHC14)

perfect (*1/2)

MTcl

minimal ν

visible

Meff

real quartic

Bai-Han

Hadron-level MadGraph+PYTHIA simulations include jet 
reconstruction and jet/lepton energy smearings as per 
CMS, simple lepton (mini)isolation, hemisphere-based jet-
lepton pairing, no b-tags.  MET defined to just balance b-
jets and leptons.  (Reduc. backgrounds highly subleading.)



Spin-0 Azimuthal Modulations

perfect

MTcl

minimal ν

visible

real quartic

Bai-Han

solid: pure scalar,  dashed: pseudoscalar,  dotted: mixed CP

* MadGraph topBSM



Spin-1 Azimuthal Modulations

solid: pure vector,  dashed: axial vector,  dotted: LH chiral

perfect

MTcl

minimal ν

visible

real quartic

Bai-Han



SM Azimuthal Modulations

perfect

MTcl

minimal ν

visible

real quartic

Bai-Han



l+Jets
• Pros

– rate X 6
• e.g., probe up to higher-mass resonances
• more stats allows harder centrality cuts to enhance 

modulations
– easier to fully reconstruct

• better peak -> better S/B with less severe cuts
• Cons

– smaller modulation effects
• 40% if we correlate lepton with a b-(sub)jet
• 50% if we correlate lepton with softest (sub)jet in top rest 

frame
– need some (sub)jet identification

• b-tag or internal kinematics



Summary
• Azimuthal decay correlations directly encode helicity interference 

effects and tell us about top couplings to new resonances
– discriminate vector from axial vector using sum of angles
– directly measure scalar CP phase using difference of angles
– discriminate spin-0 from spin > 0 (yet again!)
– also visible in the SM continuum boosted tops

• They look surprisingly easy to reconstruct in dileptonic mode, even 
though two neutrinos
– largest modulations amongst top decay modes
– can still reconstruct the resonance, more or less…simple mtt estimators 

seem to work best
– the modulation is highly forgiving to crazy recontructions, including 

ignoring the neutrinos entirely

• Improvable in l+jets?



Other Scenarios, Other 
Coefficients

gg -> spin-1 (color octet)

qq -> spin-2

gg -> spin-2


