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Top and angles

2

• The top quark is the heaviest elementary particle:

mt >> mb

LYukawa = ��t Lt� Rt

�t ⇡ 1 !!

• Top quark spin and polarization  
- Spin: t t̅ spins are correlated, information can be deduced from the angular 

distributions of decay products 
Can we then observe spin correlations in top quark pair production ? 

- Polarization:  
Negligible longitudinal polarization in t t̅ (parity conservation in strong interaction) 
≈100% polarization in single top (V-A structure)  

• The top sector is unique to study quark spin and polarization 
- Can be altered by new physics (Z’, charged Higgs, SUSY, …)

⌧ ⇡ 3.10�25s << ⌧
decorrel

⇡ 10�21s



Spin correlation predictions
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• Spin configurations 
- Different and complementary at Tevatron and LHC 
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• Choice of quantization axis 
- Beam basis: direction of the colliding hadrons in the t t̅ rest frame 
- Off-diagonal basis: vanishing t t̅ like-spin contribution at LO 
- Helicity basis: t flight direction in the t t̅ rest frame 
- Maximal basis: maximal correlation for production from gluon fusion 

unlike-helicity gluon (high Mtt)

like-helicity gluon (low Mtt)

ARNPS 64, 363 (2014)



The t t̅ decay product angular distribution
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• Double differential distribution in polar angles 
- For two t t̅ final-state decay product 
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θ: angle of the decay particule
P: degree of polarization (P≈0 in the SM)
𝛼: spin-analyzing power of the decay particle
C = - 𝛼1𝛼2A : tt ̅spin correlation 
       (asymmetry in the cosθ1cosθ2 distribution)

• Azimuthal correlations:  
- From interference between spin components 
- Easier to observe (lab frame)

𝛼=1 for the charged lepton 
and down-type quark at LO

LO         (NLO: PRL87, 242002, 2001)

for the dilepton channel 
(t/t ̅rest frame)
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(1 + ↵1P1 cos ✓1 + ↵2P2 cos ✓2 + ↵1↵2A cos ✓1 cos ✓2)

𝛼=-0.31 for u-type quark
𝛼=-0.41 for b-quark
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First search for spin correlation
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• Tevatron Run I, 125 pb-1 
- Off-diagonal basis (optimal for qq̅) 
- SM prediction: C=0.88 (@ 1.8 TeV) 
- 6 events in the dilepton channel, reconstructed with the neutrino weighting method 
- 2D binned likelihood (cosθ+, cosθ-) 

F. Déliot, Top at Twenty, 9-APR-15

PRL85, 256 (2000)

Result:
C > -0.15 at 95%CL
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First spin correlation analysis  
in the lepton+jets channel
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• Tevatron Run II, 4.3 fb-1 
- Helicity basis 
- SM prediction: κ=0.40 (@ 1.96 TeV) 
- Down-type quark: jet closest to the b-jet (in the W rest frame) 

Correct assignment 60% of the time 
- Template fit to the distributions of cosθl * cosθd and cosθl * cosθb 

F. Déliot, Top at Twenty, 9-APR-15

PRD83, 031104(R) (2011)
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PLB702, 16 (2011)

• Tevatron Run II, 5.4 fb-1 
- Beam basis 
- SM prediction: C=0.78 (@ 1.96 TeV, NLO) 
- Dilepton event reconstructed with the neutrino weighting method 
- Template fit to the distribution of cosθl1* cosθl2, simultaneous fit with the t t̅ cross 

section 

Spin correlation analysis  
in the dilepton channel



First measurement of spin correlation 
using a matrix element approach
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PRL107, 033001 (2011)

• Tevatron Run II, 5.4 fb-1 
- Beam basis 
- Fraction f of t t̅ event with correlated spin over total number of t t̅ (f=1 in the SM) 
- Using a discriminant R based on per-event probability

improve sensitivity by ~ 30% (compared to using a single distribution)



First evidence for spin correlation
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PRL108, 032004 (2012)

• Tevatron Run II, 5.3 fb-1 
- Beam basis 
- Lepton+jets channel (combined with dilepton events) 

at least 2 b-jet candidates  
- Using a discriminant based on per-event probability computed with the t t̅ matrix element 

all jet-parton assignment considered

3.1 SD away from f=0

exclude:
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First observation of spin correlation
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PRL108, 212001 (2012)

• LHC 7 TeV, 2.1 fb-1 
- Lab frame 
- Dilepton azimuthal angle, no need for top reconstruction 
- Template fit to the distribution of ΔΦ (SM, uncorrelated) 

to extract the amount of spin correlation 

5.1 SD away from f=0
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PRL112, 182001 (2014)
• LHC 7 TeV, 5 fb-1 
- Helicity basis and lab frame 
- Dilepton events reconstructed using the matrix weighting technique (for the cosθ 

based measurement) 
- Angular asymmetry unfolded to parton level (singular value decomposition) 

Spin correlation measurement  
in the dilepton channel

unfolded distribution
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PRD90, 112016 (2014)

Spin correlation measurement  
in the dilepton and lepton+jets channels

• LHC 7 TeV, 4.6 fb-1 
- Dilepton reconstructed using the neutrino weighting method 

lepton+jets reconstructed with a likelihood 
- 4 observables: ΔΦ, S-ratio of matrix element (like-helicity gluon w/ or w/o spin 

correlation), cosθ+ * cosθ- in the helicity and maximal basis 
different dependences to terms of the t t̅ spin density matrices 



Spin correlation and search for new physics
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Small contribution from NP, restricted to Re(µ): 

SM

CMS PAS TOP-14-005
• LHC 7 TeV, 5 fb-1 
- Search for anomalous t t̅g with ΔΦ distribution used for spin correlation measurement 
- Effective chromo-magnetic dipole moment
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Spin correlation and search for new physics
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arXiv:1412.4742
accepted by PRL

• LHC 8 TeV, 20.3 fb-1 
- Lab frame 
- In SUSY: if t1̃ and χ1̃ are light: t1̃ t ̃̅ 1 similar final state as tt̄ :  

t1̃ ⟶ t χ1̃ (mt1̃ > mt + mχ1̃) 

but zero spin correlation is predicted 

Floating tt̄ normalization

f = 

tt̄ normalized to SM

Stops between the top quark 
mass and 191 GeV are 
excluded at 95% CL



Spin correlation and search for new physics
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arXiv:1412.4742
accepted by PRL

Floating tt̄ normalization

f = 

• LHC 8 TeV, 20.3 fb-1 
- Lab frame 
- In SUSY: if t1̃ and χ1̃ are light: t1̃ t ̃̅ 1 similar final state as tt̄ :  

t1̃ ⟶ t χ1̃ (mt1̃ > mt + mχ1̃) 

but zero spin correlation is predicted 

Stops between the top quark 
mass and 191 GeV are 
excluded at 95% CL

see Davide Gerbaudo’s 
talk tomorrow



Measurement of the top quark polarization
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PRL111, 232002 (2013) PRL112, 182001 (2014)

• LHC 7 TeV, 4.7/5 fb-1 
- Helicity basis 
- ATLAS: dilepton and lepton+jets, CMS: dilepton 
- Study the cosθℓ𝓁 distribution (w/ or w/o CP conservation, same or opposite 𝛼ℓ𝓁P for t and t̅)

CP conservation

CP violation

unfolded distribution

• First study at D0 (5.4 fb-1) in the context of the FB asymmetry (PRD87, 011103(R), 2013)

↵`PCPC = �0.035± 0.014(stat)± 0.037(syst)
↵`PCPV = 0.020± 0.016(stat)+0.013

�0.017(syst)



Top quark polarization in t-channel single top 
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CMS PAS TOP-13-001
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• LHC 8 TeV, 20 fb-1 
- Top-quark spin axis: ~ direction of the spectator quark (untagged jet) in the top 

rest frame 
- BDT to separate t-channel from background 
- Unfold the cosθℓ𝓁 distribution  

(generalized matrix inversion)

muonelectron

(𝛼=1)
NLO SM prediction: P ≈ 0.88  



Conclusion
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• The top sector is unique to study quark spin and polarization 
- Complementary measurements between Tevatron and LHC 
- We have observed t t̅ spin correlation and performed the first measurement of top 

quark polarization 
- Allow to constrain new physics 

• Still a lot to learn waiting for LHC Run 2 results 
- Differential measurements  
- Other spin density matrix measurements (transverse polarization, …) 
- Measurements in single top
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Top quark polarization
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PRD87, 011103(R) (2013)

• Tevatron Run II, 5.4 fb-1 
- First study of the longitudinal top quark polarization in the light of the FB 

asymmetry question 
- Top-quark polarization can change the correlation between t t̅ FB asymmetry and 

leptonic FB asymmetry  
- Study the cosθ± distribution (assuming CP invariance)

dilepton lepton+jets

Good agreement between data and SM predictions


