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Angular Information
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• What types of physics can we access with angular 
information?
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Angular Information
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Azimuthal-type angles

• Spin correlation (Δφ), quantum entanglement (D), 
Toponium (Δφ near threshold).
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Angular Information
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Polar-type angles

• Forward-backward (AFB), charge (Δ|y|), and energy 
asymmetries ( ).AE(θj)
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Angular Information
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Event-specific basis
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• Spin density matrix ( ), t-channel polarisation 
( ).

̂k, ̂n, ̂r
ℓx, ℓy, ℓz
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Angular Information
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Cartesian basis

• Quantum tomography.
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Spin Correlation and Polarisation    
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t-channel polarisation
ATLAS-CONF-2021-027

• Polarisation measured in t-channel production using full 
Run2 data. 

• Events required to have exactly one lepton, two jets, and 
significant MET and exactly one b-tagged jet (as well as 
some additional multi-jet suppression cuts). 

• S/B after selection in signal region is 0.94.
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NEW!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/
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t-channel polarisation
ATLAS-CONF-2021-027
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• Profile likelihood 
function used to 

extract 
polarisation 

vectors for top 
and anti-top.

•  angles 
constructed 

using spectator 
jet in top rest-

frame.

̂x′ , ̂y′ , ̂z

NEW!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/
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t-channel polarisation
ATLAS-CONF-2021-027
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t-channel polarisation
ATLAS-CONF-2021-027
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• Octant variable 
constructed and 

used in fit by 
slicing phase-

space.

NEW!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/
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t-channel polarisation
ATLAS-CONF-2021-027

• Strong polarisation in z-direction (as expected) and little in other 
directions: 
 

• Limits set on CtW and CitW:

Px = − 0.02 ± 0.20 Py = − 0.007 ± 0.051 Pz = 0.91 ± 0.10

CtW ∈ [−0.7,1.5] CitW ∈ [−0.7,0.2]

NEW!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/
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t-channel polarisation
ATLAS-CONF-2021-027
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• Data also unfolded to particle level in fiducial phase space for 
EFT fit. 

• Good agreement with SM predictions.

NEW!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/
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Spin Correlation (Δφ)
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• No new full Run2  (yet) but ATLAS and CMS are progressing 
towards combining previous results.

Δϕ

LHCTopWG

NEW!

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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Spin Correlation (Δφ)
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• No new full Run2  (yet) but ATLAS and CMS are progressing 
towards combining previous results.

Δϕ

NEW!

• We’re sorry, 
ATLAS cares 
very much 

about NNLO!

NNLO
+

• Top2018
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Spin Correlation (Δφ)

• “New” Monte Carlo predictions (such as Powheg bb4l) may also 
sculpt this observable.

ATLAS webpage online shortly

NEW!

http://Link
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Spin Density Matrix
Phys. Rev. D 100 (2019) 072002

• Gold standard measurement for spin 
structure of the top quark! 

• Measure the single and double 
angles between leptons and a special 
“spin analysing basis” in dileptonic tt ̅
events . 

• Angles correspond direction to 
elements of spin density matrix: 
➡ C = 3x diagonal elements (spin corr.) 
➡ B = 6x polarisation 
➡ 6x Off diagonal “cross correlations”

y

x

z

t

̂k

̂n

̂r

http://dx.doi.org/10.1103/PhysRevD.100.072002
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Spin Density Matrix

C ̂k ̂k C ̂n ̂k + C ̂k ̂n C ̂r ̂k + C ̂k ̂r

C ̂n ̂k − C ̂k ̂n C ̂n ̂n C ̂n ̂r + C ̂r ̂n

C ̂r ̂k − C ̂k ̂r C ̂n ̂r − C ̂r ̂n C ̂r ̂r
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Spin Density Matrix

C ̂k ̂k C ̂n ̂k + C ̂k ̂n C ̂r ̂k + C ̂k ̂r

C ̂n ̂k − C ̂k ̂n C ̂n ̂n C ̂n ̂r + C ̂r ̂n

C ̂r ̂k − C ̂k ̂r C ̂n ̂r − C ̂r ̂n C ̂r ̂r
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Spin Density Matrix
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Spin Density Matrix
Phys. Rev. D 100 (2019) 072002

• Observables are very sensitive to the presence of spin 
correlation, but tricky to reconstruct and unfold. 

• From extracting all the information possible from these obs.
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http://dx.doi.org/10.1103/PhysRevD.100.072002
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Spin Density Matrix

Spin correlation coefficient/asymmetry
0 0.1 0.2 0.3 0.4 0.5

 (13 TeV)-135.9 fb

 (syst)± (stat) ±result 

kkC  0.031± 0.022 ±0.300 

rrC  0.023± 0.023 ±0.081 
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D−  0.009± 0.007 ±0.237 

lab
ϕcosA  0.010± 0.003 ±0.167 

|
ll
φΔ|A  0.007± 0.003 ±0.103 
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Data
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Cross correlation coefficient
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kr C+ rkC  0.053± 0.035 ±-0.193 

kr C− rkC  0.029± 0.035 ±0.057 

rn C+ nrC  0.024± 0.028 ±-0.004 

rn C− nrC  0.025± 0.028 ±-0.001 

kn C+ nkC  0.026± 0.031 ±-0.043 

kn C− nkC  0.016± 0.025 ±0.040 
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Phys. Rev. D 100 (2019) 072002

• No new full Run2 (yet), previous results agree with SM 
predictions but are heavily affected by tt ̅modelling uncertainties 
➡ New techniques/better understanding of modelling needed as 

much as more data!

http://dx.doi.org/10.1103/PhysRevD.100.072002
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W boson helicity
JHEP 08 (2020) 051

• Can use similar observables (with a slightly different definition) to 
measure the helicity of the W boson. 

• Recent ATLAS + CMS combination of Run1 results in excellent 
agreement with the SM.

0.4− 0.2− 0 0.2 0.4 0.6 0.8
W boson polarization fractions

ATLAS+CMS  = 8 TeVs

RF LF 0F

 = 8 TeVsATLAS+CMS, 
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+jets,  LµCMS 2012 

-1 = 19.7 fb
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CMS 2012 single top, L

WGtopLHC

WGtopLHC

EPJC 77 (2017) 264

JHEP 01 (2015) 053

PLB 762 (2016) 512

PLB 762 (2016) 512

Theory (NNLO QCD)
PRD 81 (2010) 111503 (R)

)0/FL/F
R

Data (F

total   stat

http://dx.doi.org/10.1007/JHEP08(2020)051
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Production Asymmetries
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Asymmetries
qq anihilation gg fusion 

AC =
N(Δ |y | > 0) − N(Δ |y | < 0)
N(Δ |y | > 0) + N(Δ |y | < 0)

AC =
NF − NB

NF + NB

• Preference in direction of top and anti-top in ppbar collisions.  

• At the LHC, no directional preference, but tops are preferentially more 
forward than anti-tops. 

• Effect arises due to higher order interference effects and are both 
sensitive to potential new physics.
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Charge Asymmetry
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ATLAS-CONF-2019-026

• ATLAS found strong evidence (4σ) for charge asymmetry in the 
l+jets channel using full Run2 data.  
➡ Set limits on 4 linear combinations of 4-fermion EFT operators.  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-026/
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Forward/Backward Asymmetry
CMS PAS TOP-15-018

4.8 ±   9.2 CMS
CMS-PAS-TOP-15-018

• CMS use a template method to isolate the qqbar initial state and 
measure AFB with 35.9 fb-1 in l+jets events.  
➡ Also fit anomalous chromoelectric (d) & chromomagnetic (µ) moments.

AFB = 0.048+0.092
−0.089d = 0.002+0.017

−0.021 μ = − 0.024+0.021
−0.009

https://cds.cern.ch/record/2690358/files/TOP-15-018-pas.pdf
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TOPQ-2019-28-002

28

Energy Asymmetry

AE(θj) =
σopt(ΔE > 0) − σopt(ΔE < 0)
σopt(ΔE > 0) + σopt(ΔE < 0)

σopt = σ(θj |ytt̄j > 0)+

• Asymmetry at tree-level in ttj̅ events. 

• Sensitive to four-quark operator insertions (orange dots). 

• Measured in boosted l+jets final state with hard additional 
jet (pT > 100 GeV) using full Run2 data.

ΔE = Et − Et̄

σ(π − θj |ytt̄j < 0)

NEW!

t
t

t̅ t̅ 

4-quark 
opp

https://cds.cern.ch/record/2779414/files/TOPQ-2019-28-002.pdf
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Energy Asymmetry

• Unfolded to particle level, no significant deviation from SM. 

• Inclusive asymmetry  in close 
agreement with SM expectation. 

• Limits placed on 4-fermion operators.

A2
E = − 0.043 ± 0.020

0 /4π /2π /4π3 π
 [rad]jθ

6−

4−

2−

0

2

4]
-2

) [
10

jθ( EA

ATLAS Preliminary
-1=13 TeV, 139 fbs

MadGraph5_aMC@NLO
Data (stat only)
Data (stat + syst)

TOPQ-2019-28-002

NEW!

ATLAS not-yet-public result

https://cds.cern.ch/record/2779414/files/TOPQ-2019-28-002.pdf
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Spin in ttZ̅ events 
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Spin in ttZ̅ events

• Spin correlation VERY different in ttX̅ events than in tt:̅ 
➡ Can’t use lab-frame observables like Δφ. 
➡ Spin density matrix from tt ̅works well, along with cos(φ’). 

• Could potentially find evidence with existing data and 
discover with full Run2+3 data. 

 

Accepted by EPJC

NEW!

https://arxiv.org/abs/2106.09690
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Spin in ttZ̅ events
Accepted by EPJC

NEW!

https://arxiv.org/abs/2106.09690
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Spin in ttZ̅ events
Accepted by EPJC

• Non-zero polarisations due 
to EW interaction when Z 
radiates from the top (can be 
enhanced to above 15% with 
suitable kinematic cuts!)

NEW!

https://arxiv.org/abs/2106.09690
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Spin in ttZ̅ events
Accepted by EPJC

• Non-zero polarisations due 
to EW interaction when Z 
radiates from the top (can be 
enhanced to above 15% with 
suitable kinematic cuts!)
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NEW!

https://arxiv.org/abs/2106.09690
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Conclusions
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Conclusions

• Angular analyses are some of the most powerful tools we 
have in understanding the behaviour of the top quark. 

• Full Run2 analyses are starting to mature (song remains the 
same for many, modelling systematics are intolerably large). 
 
“What’s the point of having a 1% stat uncertainty if you’re gonna 
stick a 20% Parton shower uncertainty on it…” Jay, ranting in a pub  

• Some exciting never-before explored avenues to pursue: 
➡ Interplay with Quantum information field (Entanglement). 
➡ Replacing “the top decays before it can hadronise” with “the 

top almost always decays before it can hadronsie” (i.e. 
discovering topponium) 

➡ Studying spin in ttZ events.
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Backup
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TOPQ-2019-28-002

38

Energy Asymmetry

https://cds.cern.ch/record/2779414/files/TOPQ-2019-28-002.pdf
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Spin Correlation and Polarisation    

QCD Production

EW Production

• Dominant production for tt.̅ 
• Parity invariant ⇒ no intrinsic polarisation. 
• Some degree of spin correlation, depending on 

sensible choice of reference basis.

• Dominant production for single top. 
• Violates parity ⇒ expect strong polarisation.
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Energy Asymmetry
TOPQ-2019-28-002

NEW!

https://cds.cern.ch/record/2779414/files/TOPQ-2019-28-002.pdf

