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Outline

‣ Today I’ll show recent top quark spin measurements from 
ATLAS and CMS 

‣ top quark polarisation 

‣ in      and single top (t-channel) events 

‣     spin correlations
tt̄

tt̄
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Introduction

‣ Top decays before QCD interactions can affect its spin 

!

!

!

!

‣ top decay products give us direct access to its spin 

‣ expect top spin variables to be well predicted by perturbative 
QCD 

‣ excellent test of SM 

‣ Spin variables can be significantly modified by new physics 

‣ already being used to set limits

top lifetime
QCD 

timescale
spin-flip 
timescale

⌧<

10�25 s 10�24 s 10�21 s⌧<

‣ Spin variables can be significantly modified by new physics 
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Top polarisation
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Introduction to top quark spin
‣ Top spin depends on production process                                                         

and on the basis (direction) for spin measurement 

‣ Single top t-channel: 

‣ tops 100% L chirality (because they have to couple to the W) 

‣ translates to ~95% spin up in spectator basis 

!
!

!
!
!
!
!

‣      production via strong interaction with unpolarised incoming partons 

‣ R and L tops equally likely 

‣ no net polarisation at LO QCD (usually measured in helicity basis)

q′

W

b

t

ℓ

ν̄

W

b

q

bL qL

tL

q’L

‣ Today we’ll look at measurements using the top quark spin in 

(Spectator quark)

tt̄
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Polarized top quark decay
‣ The top quark’s spin determines the angular distribution of its daughters 

when it decays 

‣ spin analysing powers:    
!

‣ lepton preferentially produced in top spin direction 

!

!

!
!
!
!
!
!
!

‣ Polarisation measures average spin:

top rest frame

ℓ
θ

A. Brandenburg, Z. G. Si, P. Uwer (2002)
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Polarisation (single top t-channel) - CMS, 8 TeV

‣ BDT selects ~50% pure t-channel sample 

‣ Reconstruct         , subtract background (W+jets largest), 
unfold to parton level, and combine e and µ channels 

‣ Dominant systematics from JES and background subtraction 

!

!

!

!

!

!

!

‣ Polarisation from distribution asymmetry: P = (82 ± 12 ± 32)%
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Polarisation (    ) - ATLAS, 7 TeV

‣ Template fit to             
at reco-level using 
templates with +30% 
and -30% polarisation 

‣ 1ℓ, 2ℓ channels and    
distributions (ℓ+ and ℓ-) 
fitted separately 

‣ Two scenarios 

‣ CP-conservation:       
P(t) = P(  ) 

‣ Maximal CP violation: 
P(t) = -P(  ) 

‣ Jet reconstruction 
dominant systematic
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systematics
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t̄

t̄

tt̄

t, t̄
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Polarisation (    ) - ATLAS, 7 TeV

‣ Results (assuming            ): 

‣ PCPC = (-3.5 ± 1.4 ± 3.7)% 

‣ PCPV = (2.0 ± 1.6 +1.3
-1.7 )%
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tt̄
PRL 111, 232002 (2013)

α = κ = spin analysing power 
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Polarisation (    ) - CMS, 8 TeV

‣            distribution unfolded to parton level 
(dilepton channel)
cos ✓⇤

‣ P measured from 
asymmetry of distribution 

‣ Two measurements per 
event (ℓ+ and ℓ-) 
‣ Combined assuming CP 

conservation and violation 

‣ PCPC = (−2.2 ± 5.9 )% 

‣ JES dominant systematic 

‣ PCPV = (−0.0 ± 1.7 )% 

‣ cancellation of systematics

P = 2A

tt̄
CMS TOP-14-023
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    spin correlationstt̄
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gR gR
tR

tR

Introduction to spin correlations
‣ Same and opposite helicity gluon fusion contributions impart different 

spin correlations to the top quark pairs 

!

!

!

!

!

!

!

!

‣ Same helicity contribution is dominant near threshold 

‣ Opposite helicity dominant when Et >> mt (helicity conservation) 

‣ Expected net spin correlation strength of about +30% at the LHC 

‣ modified in many new physics scenarios

gR gL
tR

tL
Opposite helicity gluons
Negative spin correlations

Same helicity gluons
Positive spin correlations

g

g

g t

t

in     CM frame,  
speed of tops β →1

tt̄
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Dilepton ∆ϕ distribution
‣ Spin correlations in same-helicity gluon fusion 

result in aligned lepton decays 

‣ alignment strongest in ∆ϕ (lab frame 
azimuthal angle between two leptons)
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~16% 
enhancement 

here

~16% 
suppression 

here

∆ϕ distribution in presence and absence 
of spin correlations (parton level)

ℓ+ ℓ-∆ϕ

‣ Kinematically, large ∆ϕ is 
preferred because tops are 
produced back to back 

‣ relative enhancement at low 
∆ϕ due to spin correlations 

‣ Lepton angles have excellent 
experimental resolution 

‣ ∆ϕ most precise probe of spin 
correlations (unique to LHC)
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∆ϕ - ATLAS, 8 TeV

‣ Select      events in 
dilepton final state 

‣ data-driven prediction 
for dominant Z/γ∗+jets 
background 

‣ Quantify spin 
correlation strength as 
fraction “fSM” of SM 
expectation 

‣ template fit using 
simulated correlated 
and uncorrelated
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PRL 114, 142001 (2015)

14

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.142001


TOP2015 - Spin measurements in top-quark events at the LHC - Jacob Linacre15/09/15

Probing SUSY with spin correlations

‣ Supersymmetric top squark pair 
production looks like     + MET 

‣ Squarks have spin-zero 

‣ daughter top quarks look similar 
to uncorrelated      events 

‣ but only ~1/6 of the      cross 
section for mstop = mt 

‣ Total cross section measurement 
also sensitive to stops

‣ Combining the two, 
ATLAS excludes        
mt < mstop <191 GeV

tt̄
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∆ϕ - CMS, 8 TeV

‣ ∆ϕ distribution 
unfolded to parton level 

‣ Compared to theoretical 
predictions at NLO with 
and without spin 
correlations 

‣ The data agree with the 
SM prediction 

‣ top pT modelling 
dominant experimental 
systematic 

‣ fSM = 1.18 ± 0.18 

‣ dominant uncertainty 
from scale uncertainties 
in the NLO predictions
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Top Chromo-Magnetic Dipole Moment

‣ Model-independent 
effective Lagrangian: 

‣   

‣     = anomalous CMDM 

‣ For small     : 

!

!

‣ dσ only sensitive to Re(    )

1. Introduction

Last year the ATLAS collaboration [1] at the LHC measured the correlation of t and t̄ spins in

tt̄ production at the LHC. The hypothesis of zero spin correlation was excluded at 5.1 standard

deviations. (See also the CMS analysis [2].) Previously, the D∅ collaboration [3] found evi-

dence for tt̄ spin correlations in events with a significance of more than 3 standard deviations.

These experimental results at the LHC and at the Tevatron are in agreement, within uncer-

tainties, with corresponding standard model (SM) predictions, and therefore provide another

experimental proof that the top quark behaves like a bare quark that does not hadronize.

In view of these findings, top spin observables are rather unique tools (as compared to cor-

responding observables for lighter quarks) for the detailed exploration of, in particular, top-

quark pair production (and decay) dynamics, because (future) measurements of angular corre-

lations/distributions induced by tt̄ spin correlations or t, t̄ polarization can be confronted with

reliable perturbative predictions within the SM versus predictions made with new-physics (NP)

models.

As to the modelling of new physics effects one may either consider a specific NP model, e.g.

the minimal supersymmetric extension of the SM, or use a rather model-independent approach

to parameterize possible NP effects in top-quark production and decay. Here we shall use the

second approach.

We consider tt̄ production at the LHC and subsequent decays into dileptonic and lepton plus

jets final states. The aim of this paper is twofold. On the one-hand we extend our previous

SM predictions of a number of tt̄ spin-correlation effects at next-to-leading order in the strong

and weak gauge couplings [4–6], and of SM-induced longitudinal [7,8] and transverse [9] t and t̄

polarization to pp collisions at the LHC at center-of-mass energies of 7 and 8 TeV. In addition,

we analyze the effects of a chromo-magnetic and chromo-electric dipole moment of the top

quark on tt̄ spin correlations and on t and t̄ polarization.

Assuming that new physics effects in hadronic tt̄ production are induced by new heavy particle

exchanges (characterized by a mass scale M) one may construct a local effective Lagrangian

Leff that respects the SM gauge symmetries and describes possible new physics interaction

structures for energies ! M . Recent analyses include [10–15]. Here we confine ourselves to

interactions of mass dimension 5 after spontaneous electroweak symmetry breaking. Then, as

is well-known, the new-physics part of Leff is given in terms of chromo dipole couplings of the

top quark to the gluon(s):

Leff = LSM − µ̃t

2
t̄σµνT atGa

µν −
d̃t
2
t̄iσµνγ5T

atGa
µν , (1)

1

µ̃t

right-hand side of (7). The total NP contribution is then given to order Reµ̂t by

(

dσ

σd∆φ

)

NP

Reµ̂t ≡
1

σLO

(

dσNP

d∆φ
− σNP

σLO

dσLO

d∆φ

)

. (10)

The expanded form (10) is convenient as it is proportional to Reµ̂t. In summary, we compute

the right-hand side of (7) by computing the sum of (σ−1dσ/d∆φ)SM (cf. (9)) and (10). Notice

that the integral
∫

d∆φ over this sum is one, as it should be.

In Figs. 1 the SM contribution to NLOW of the ∆φ distribution is shown3 for
√
Shad = 7

TeV for no cut on the tt̄ invariant mass Mtt̄ and for events with Mtt̄ ≤ 450 GeV. (This cut

was chosen in the experimental analysis [2].) The distributions are symmetric with respect to

∆φ = 0. For reference, the ∆φ distribution is shown in these figures also for the case when

the tt̄ spin correlations are switched of. These distributions were used in [1, 2] for testing the

hypothesis “SM, fully correlated” versus “SM, uncorrelated” which led to the exclusion of the

second hypothesis with 5.1 s.d. [1]. In the following, we do no longer consider this option, i.e.,

we will always consider fully spin-correlated tt̄ events, both for SM and NP predictions.

For Reµ̂t ̸= 0 and |Reµ̂t| ≪ 1 we get

1

σ

dσ

d∆φ
=

(

1

σ

dσ

d∆φ

)

SM

+

(

1

σ

dσ

d∆φ

)

NP

Reµ̂t . (11)

The contribution (σ−1dσ/d∆φ)NP is shown in Figs. 2 for
√
Shad = 7 TeV in the range −π <

∆φ ≤ π for no cut on Mtt̄ and for events with Mtt̄ ≤ 450 GeV. (For Mtt̄ > 450 GeV this

contribution has the same shape as those of Figs. 2 and is therefore not shown here.) As

expected, these contributions are also symmetric with respect to ∆φ = 0. (Thus, the SM and

NP numbers must be doubled if the range 0 ≤ ∆φ ≤ π is considered.) Furthermore, by the

above assumption, |Reµ̂t| must be sufficiently small such that the sum of the two terms on the

right-hand side of (11) is positive. Adding these contributions to the respective correlated SM

contributions shown in Figs. 1 we see that a cut on Mtt̄ is of no advantage. Thus, when the ∆φ

distribution is used to probe for a non-zero Reµ̂t one should use the full sample of dileptonic tt̄

events.

One may also probe for a non-zero CMDM Reµ̂t with the dileptonic angular correlation in the

helicity basis. If no acceptance cuts are applied, one has the well-known a priori form of the

3SM predictions for the distribution of ∆φ and of the other observables below for 7 and 8 TeV can be
obtained from the authors upon request.
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‣ Template fit to SM+NP to extract Re(µt) 

‣ -0.050 < Re(µt) < 0.076 (95% CL)

right-hand side of (7). The total NP contribution is then given to order Reµ̂t by
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The expanded form (10) is convenient as it is proportional to Reµ̂t. In summary, we compute

the right-hand side of (7) by computing the sum of (σ−1dσ/d∆φ)SM (cf. (9)) and (10). Notice

that the integral
∫

d∆φ over this sum is one, as it should be.

In Figs. 1 the SM contribution to NLOW of the ∆φ distribution is shown3 for
√
Shad = 7

TeV for no cut on the tt̄ invariant mass Mtt̄ and for events with Mtt̄ ≤ 450 GeV. (This cut

was chosen in the experimental analysis [2].) The distributions are symmetric with respect to

∆φ = 0. For reference, the ∆φ distribution is shown in these figures also for the case when

the tt̄ spin correlations are switched of. These distributions were used in [1, 2] for testing the

hypothesis “SM, fully correlated” versus “SM, uncorrelated” which led to the exclusion of the

second hypothesis with 5.1 s.d. [1]. In the following, we do no longer consider this option, i.e.,

we will always consider fully spin-correlated tt̄ events, both for SM and NP predictions.

For Reµ̂t ̸= 0 and |Reµ̂t| ≪ 1 we get
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The contribution (σ−1dσ/d∆φ)NP is shown in Figs. 2 for
√
Shad = 7 TeV in the range −π <

∆φ ≤ π for no cut on Mtt̄ and for events with Mtt̄ ≤ 450 GeV. (For Mtt̄ > 450 GeV this

contribution has the same shape as those of Figs. 2 and is therefore not shown here.) As

expected, these contributions are also symmetric with respect to ∆φ = 0. (Thus, the SM and

NP numbers must be doubled if the range 0 ≤ ∆φ ≤ π is considered.) Furthermore, by the

above assumption, |Reµ̂t| must be sufficiently small such that the sum of the two terms on the

right-hand side of (11) is positive. Adding these contributions to the respective correlated SM

contributions shown in Figs. 1 we see that a cut on Mtt̄ is of no advantage. Thus, when the ∆φ

distribution is used to probe for a non-zero Reµ̂t one should use the full sample of dileptonic tt̄

events.

One may also probe for a non-zero CMDM Reµ̂t with the dileptonic angular correlation in the

helicity basis. If no acceptance cuts are applied, one has the well-known a priori form of the

3SM predictions for the distribution of ∆φ and of the other observables below for 7 and 8 TeV can be
obtained from the authors upon request.

6

New physics contribution to 

µ̃t

µ̃t

‣ Heavy particle exchange in      production can modify spin 
correlations by introducing colour dipole ttg couplings

tt̄

^

^

arxiv:1305.2066

(CMS TOP-14-023)
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Direct measurement - ATLAS, 7 TeV
‣ Direct measurement requires full   ,    reconstruction  

‣ Lepton directions in parent top CMs used as a proxies for the top spins 

‣ Chel coefficient from distribution of product of top spins:  
cos ✓⇤`+ cos ✓⇤`�

‣ fSM = 1.02 ± 0.26‣ Chel = 0.315 ± 0.061 ± 0.049 (unoffical)

Paper in preparationtt̄tt̄
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Direct measurement - CMS, 8 TeV
‣ Direct measurement requires full   ,    reconstruction  

‣ Lepton directions in parent top CMs used as a proxies for the top spin 

‣ D coefficient from distribution of angle between the spins:  

Chel = 
-4A

D = -2A

‣ fSM = 0.87 ± 0.27 ‣ fSM = 0.90 ± 0.16

' = \(`̂+, `̂�)

CMS TOP-14-023tt̄tt̄
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Differential measurements - CMS, 8 TeV

‣ Asymmetry variables measured differentially wrt  

!

!

!

!

!

!

!

!

‣ SM spin correlations have most structure wrt 

‣ Unfolding wrt        minimises the ∆ϕ top pT systematic:  

‣ fSM = 1.16 ± 0.15  (but still limited by NLO scale uncertainties)
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Matrix element method - CMS, 8 TeV, 1ℓ
‣ In 1ℓ events, ∆ϕ distribution is not as sensitive 

‣ don’t know whether light jet is u                       or d  

‣ b-jet also has small spin analysing power 

‣ Use matrix element method to extract more information from each event
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CMS-PAS-TOP-13-015

Event probability using LO uncorrelated ME
Event probability using LO correlated ME

�
event

=
P
uncor

P
cor

=

Correlated Uncorrelated 

‣ Create 
templates using 
simulated 
correlated and 
uncorrelated tt̄
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Matrix element method results

‣ Fit                  
distribution using 
correlated and 
uncorrelated 
templates 

‣ Q2 and JES dominant 
systematics

�
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fSM = 0.72 ± 0.09 (stat) +0.15
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Spin correlations summary

‣ All consistent with fSM = 1 

‣ fSM = 0 strongly disfavoured 

‣ Proof top really behaves like a bare quark!

‣ Summary of most precise fSM measurements

* ATLAS 7 TeV dilepton ∆ϕ measurement has lower relative 
uncertainty (fSM=1.19±0.20), improved on by 8 TeV result (above)

Variable Channel Collaboration

∆ϕ dilepton ATLAS (8 TeV) 1.20 ± 0.14

ME-based dilepton ATLAS (7 TeV) 0.87 ± 0.18

∆ϕ lepton+jets ATLAS (7 TeV) 1.12 ± 0.25

∆ϕ dilepton CMS (8 TeV) 1.16 ± 0.15  

D dilepton CMS (8 TeV) 0.90 ± 0.16

ME-based lepton+jets CMS (8 TeV) 0.72 ± 0.17

(S-ratio)
*

fSM
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Summary and Outlook
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Summary

‣ Top quark spin variables are an excellent test of the SM and 
probe for NP 

‣ So far the results are very consistent with SM expectations 

!

‣ Inclusive measurements systematics limited 

‣ both experimental and theory systematics 

‣ Differential results mostly still statistics limited 
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‣ In Run 2 we have another order of magnitude increase for       pair production 

‣ Improvements in systematic and theoretical uncertainties essential to keep pace 

‣ Could new physics show up first in top spin variables in Run 2?
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Tevatron LHC@7TeV LHC@8TeV LHC@13TeV

40,000

7,0002,50010

Top quark pairs per hour at peak inst. luminosity

cross sections from arXiv:1303.6254: Tevatron ~7pb, LHC@7TeV ~172pb, LHC@8TeV ~246pb, LHC@13TeV ~806pb	


peak inst. luminosity: Tevatron: ~4x1032cm-2s-1, LHC@7TeV: ~4x1033cm-2s-1, LHC@8TeV: ~8x1033cm-2s-1, LHC@13TeV: ~1.3x1034cm-2s-1

Outlook

tt̄
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Backup
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ATLAS spin correlations (1ℓ+2ℓ), 7 TeV

‣ ATLAS 7 TeV analysis measured large 
suite of variables in 1ℓ and 2ℓ channels 

‣ template fit using simulated correlated 
and uncorrelated 

‣ dilepton ∆ϕ and S-ratio most precise
Standard model fraction
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Top quark properties

‣ Why are top properties interesting? 

‣ top quark decays before it can form 
bound states 

‣ unique opportunity to study a “bare” 
quark (using the decay products) 

!

‣ heaviest elementary particle known 
(mt ~ 173 GeV) 

‣ large coupling to Higgs boson 
suggests special role in EWSB Natural SUSY and Light Stops!

•  SM hierarchy problem: Higgs mass driven toward MPlanck by 
large radiative corrections � largest contribution from top quark!

•  In SUSY: stop quark cancels top quark contribution to ΔMH
2!

•  Top squarks critical for SUSY solution to hierarchy problem!
–  “Natural” (not fine-tuned) solution requires light stop quarks!

May 28th, 2013! LHC Seminar! 3 

ΔmH
2 =

H!
H!

yt! yt! yt
2!

+ …
‣ top properties 

measurements test SM 
and probe new physics
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Top quark spin and helicity

‣ The measurements rely on an understanding of the helicities 
of the top quarks we produce 

‣ reminder: helicity is the particle’s spin component along its 
momentum direction 

!

‣ I’ll denote particle momenta and spin directions with solid 
and open arrows: 

tR

Right-handed top quark

tL

Left-handed top quark
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SM spin correlations

‣ Same helicity 
contribution is 
dominant near 
threshold 

‣ Opposite helicity 
becomes dominant 
when Et >> mt 

‣ helicity conservation 

!

‣ Net spin correlation 
strength of ~30% (LHC)
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Figure 7: The distributions dObeam/dMtt̄ (left) and dOoff/dMtt̄ (right) for the Tevatron at NLOW
for µ = mt/2 (dashed), µ = mt (solid), and µ = 2mt (dotted).
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12

Mtt dependence of contributions to 
total strength of spin correlations

arxiv:1003.3926
change of sign
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SM spin correlations

‣ Initial state and invariant mass dependence of spin correlations 
makes them a rich process to test our understanding of 
perturbative QCD 

‣ future very high precision measurements sensitive to proton 
quark and gluon content
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Measuring spin correlations
‣ Direct measurement of spin correlations requires full 

reconstruction of    and 

‣ Can we try something more simple? 

‣ Choose dilepton final state (charged leptons best spin analysers) 

‣ Preferred lepton directions in the top rest frames given by top 
spins:

tR

tR

gR gR

ℓ+

ℓ-

tt̄ tt̄
‣ Dilepton final state: 

leptons tend to be 
preferentially aligned

ℓ

θ

ℓ± angular distributions:

(1± cos ✓)/2
(parity violating weak decay)

t
Same helicity gluons

Positive spin correlations
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∆ϕ interpretation

‣ In general, new physics in      
production due to heavy 
particle exchange manifests 
as a colour dipole coupling 
of top to gluons 

‣ modifies the expected spin 
correlations 

‣ Supersymmetry 

‣ top quarks and antiquarks 
produced from decay of 
scalar (spin0) particles have 
no way of being correlated

‣ Can reinterpret measured ∆ϕ distribution in terms of new 
physics that affects spin correlations
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Anomalous top CMDM results

‣ A value of Re(µt) outside the range -0.050 < Re(µt) < 0.076 is excluded at 95% CL 

‣ competitive with existing limits 

‣ uncertainty dominated by scale variations in the theoretical predictions
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Direct measurement of spin correlations
‣ Spin correlation quantified by relative numbers of same and opposite 

helicity       pairs: 

!

!

‣ Lepton direction favours top spin direction, with distribution 

‣ the measured                is a proxy for the top helicity (diluted by a factor of 2) 

!

!

!

!

!

‣ Measure               for both tops in each event, and take the product (“c1c2”) 
!

‣   
!

‣ factor 1/4 because our helicity measurement is diluted by a factor of 2 for each top 

(1± cos ✓⇤` )/2

decay probability of lepton 
from top quark 

(1± cos ✓⇤` )/2

(1± cos ✓⇤` )/2

q

q
tt

tt CM frame

⇒
boost to top 
rest frame

ℓ
θl*

top CM frame

= -C/4

tt̄

The discovery of the top quark at the Fermilab Tevatron by the CDF and D0 collab-

orations [1] has ushered in the era of top-quark physics. The large mass of the top quark,

mt = 180±12 GeV, in comparison with the five lighter quarks, suggests it may play a special

role in particle physics. It is thus imperative that we examine the physics of the top quark

in detail.

Run II at the Tevatron, beginning in 1999, will provide each experiment with approx-

imately 1000 fully-reconstructed, b-tagged tt̄ events [2]. Even higher yields will become

available from the CERN Large Hadron Collider (LHC) [3] and possible upgrades of the

Tevatron [2]. These large statistics should allow a detailed study of the properties of the top

quark.

The standard model predicts that the top quark decays before its spin flips [4]. This is

in contrast with the lighter quarks, which are depolarized by QCD interactions long before

they decay [5].1 The spin of the top quark is therefore reflected by its decay products.

While the top quarks and antiquarks produced at hadron colliders are unpolarized, their

spins are correlated [7]. Figure 1 shows the cross sections for the production of tt̄ pairs

with the same and opposite helicities at the Tevatron and the LHC, as a function of the tt̄

invariant mass, for mt = 175 GeV.2 The helicity is the spin component along the particle’s

momentum, in the tt̄ center-of-mass frame. At the Tevatron, 70% of the pairs have the

opposite helicity, while 30% have the same helicity. Defining the correlation as3

C ≡
σ(tRt̄R + tLt̄L) − σ(tRt̄L + tLt̄R)

σ(tRt̄R + tLt̄L) + σ(tRt̄L + tLt̄R)
(1)

we find that the helicities of the top quarks and antiquarks have a correlation of −40%. At

the LHC the correlation is +31%. Figure 1 also shows that placing cuts on the invariant

mass of the tt̄ system can enhance the correlation at both the Tevatron and the LHC.

In this paper we propose techniques for observing the correlation of the top-quark and
1An exception is the production of heavy baryons [6].
2The spin correlation is easier to observe the larger the top-quark mass, so we use mt = 175 GeV

throughout, to be conservative.
3Parity conservation in QCD implies σ(tR t̄L) = σ(tLt̄R), and CP conservation implies σ(tR t̄R) = σ(tLt̄L)

[9].

2

“spin correlation coefficient”
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