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Brief outline

What is top polarisation?


(A) Template method


QFT is quantum!


Right vs wrong templates


Example for tt


Based on:


JAAS, Fiolhais, Martín-Ramiro, Moreno, Onofre, A template method to measure the tt 
polarisation, 2111.10394


JAAS, Crafting polarisations for top, W and Z, 2208.00424


New material and discussions to appear on the proceedings
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What is top 
polarisation?



What is top polarisation?

The top quark has a mean lifetime of 10-25 s. It appears as an intermediate 
resonance in processes.


Then, what do we mean by `top polarisation´?
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...

This is the top polarisation that is 
measured by angular distributions

In the NWA, the amplitudes 
can be decomposed into 
production × decay,

summed over spins.
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The production mechanism can be characterised by a spin density operator 
ρ whose matrix elements are related to production amplitudes Ps


The goal of polarisation measurements is to measure matrix elements of ρ.


For the top quark,


The polarisation vector Pi = 2 ⟨Si⟩ satisfies            for a physical ρ.
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Template 
method



Template method

If we consider the charged lepton from the top decay to measure the 
polarisation, its angular distribution [in top rest frame] is


Imagine we want to measure Pz. Then, we can integrate over φ to obtain


which can be written as


with                                       
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Template method

Discussion


The template fit is well-founded on a theoretical equality


and therefore the fit coefficients have a theoretical interpretation

Side comment: not clear on which theoretical equality the template fit in 
ATLAS polarisation measurement 2202.11382 is based.
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Template method

Discussion


The template expansion looks classical: 


Sum over + , − without interference between polarisations.


This is possible for the cos θ distribution and after integration on φ. 
Also for the total cross section: σ+ and σ− are meaningful.


Ignoring interference in other distributions leads to results that are not 
correct. Example: AFBl
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Template method

Reconstruction, detector effects and kinematical cuts make things more 
complicated.


To see this easily, we rewrite the template expansion [multiply by σ]

With cuts, etc. this is modified to
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Template method

In order to cast that sum in terms of normalised quantities, one can define 
`efficiencies´                ,                       and obtain a template expansion


The term Δint arises because:


The integration over φ is not complete because of cuts.


The φ angle in the top rest frame is not well reconstructed and then, 
integration is not actually over the true φ.


In tt with dilepton decay, it was seen in 2111.10394 that the second effect 
is way more important.
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QFT is 
quantum



QFT is quantum

The interference term is important for precision measurements. 
Fortunately, a SM calculation may be sufficient.


Proposed method: 


Generate statistically independent templates (MC) and SM pseudo-data 
(also with MC)


Use SM values for polarisation coefficients


Use efficiencies from Monte Carlo


Compute Δint in the SM as
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Checked in tt production that Δint computed in the SM 
is enough even with large [experimentally excluded] CMDM

JAAS, Fiolhais, Martín-Ramiro, Moreno, Onofre,  2111.10394
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QFT is quantum

Simple example for single top production


Axes: helicity (K), transverse (R) and normal (N)
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QFT is quantum

Simple example for single top production


No detector simulation, working at parton level but applying cuts pT ≥ 30 
GeV for lepton and b from top decay.
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This is sufficient to have large distortions on templates

From fit

At this level, the difference 
already is 1/4 of the uncertainty 

in ATLAS measurement



Right vs wrong 
templates



Right vs wrong templates

Q: Is any MC sample 


                         with correct top decay distribution


                                                                       appropriate as a template?


A: No


To see this subtle point, let us go back to


The σ+ and σ− on the r.h.s. are the + and − components of σ on the l.h.s.


If σ [which will be data in the fit] is SM-like, σ+ and σ− must be too.


Therefore, σ+ and σ− must be obtained with spin projectors at the matrix-
element level.
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Right vs wrong templates

Example: single top / helicity axis / cut pT ≥ 30 GeV for extra b


Fit returns


SM eff: 
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<latexit sha1_base64="lukH8qadmfmUOdiYF8imjYfI//s=">AAACJ3icbVBLSwMxGMzWV62vqkcvwSIKYtkVUS9KQRCPFewDdpeSTb+2ocnukmQLZekPEvwlXgQPoujFf2K29tBW5zTfzAQyE8ScKW3bH1ZuYXFpeSW/Wlhb39jcKm7v1FWUSAo1GvFINgOigLMQapppDs1YAhEBh0bQv8n8xgCkYlH4oIcx+IJ0Q9ZhlGgjtYq33oBIiBXj5kqPR4f4Ck9J2PNcRwi/MBM7mY8VWsWSXbbHwH+JMyElNEG1VXz22hFNBISacqKU69h+SqRmlMOo4CUKYkL7pAuuoSERoPx03HaEDzqRxLoHeHxPZ1MilBqKwGQE0T0172Xif56b6M6ln7IwTjSE1ESM10k41hHORsNtJoFqPjSEUMnMLzHtEUmoNtNm5Z35qn9J/bTsnJed+7NS5XoyQx7toX10hBx0gSroDlVRDVH0hF7RJ/qyHq0X6816/43mrMmbXTQD6/sHehelhw==</latexit>

"0+ = "

"0� = "

Cut keeps 
Δint = 0 

<latexit sha1_base64="ICc0FS01qJHF4heWh6qYcsIFJow=">AAACBXicbVBLS8NAGNzUV42vqEcvi1UQxJJI0V6UghePFewDkhA22027dDcJuxuhhJ4F/4vgQQS9ePcf+G/ctD1o65xmZ2bhmwlTRqWy7W+jtLS8srpWXjc3Nre2d6zdvbZMMoFJCycsEd0QScJoTFqKKka6qSCIh4x0wuFN4XceiJA0ie/VKCU+R/2YRhQjpaXAOkJBfjqGV9CuOhc29DzX4dw3tXo2Ves12wysil21J4CLxJmRCpihGVhfXi/BGSexwgxJ6Tq2nyOhKGZkbHqZJCnCQ9QnrqYx4kT6+aTLGB5HiYBqQODk/TubIy7liIc6w5EayHmvEP/z3ExFdT+ncZopEmMd0V6UMagSWEwCe1QQrNhIE4QF1VdCPEACYaWHK8o781UXSftc71d17mqVxvVshjI4AIfgBDjgEjTALWiCFsDgCbyAd/BhPBrPxqvxNo2WjNmfffAHxucPzx+UGg==</latexit>

a+ = 0.160

a� = 0.840

<latexit sha1_base64="+upNUDfD/6eyKfRjI95qGE0H9vs=">AAACBXicbVBLS8NAGNzUV42vqEcvi1UQxJCU0vaiFLx4rGAfkIay2W7apbtJ2N0IJfQs+F8EDyLoxbv/wH/jpu1Bq3OanZmFbyZIGJXKcb6Mwsrq2vpGcdPc2t7Z3bP2D9oyTgUmLRyzWHQDJAmjEWkpqhjpJoIgHjDSCcbXud+5J0LSOLpTk4T4HA0jGlKMlJb61gnqZ+dTeAkdu1yvwl7Pczn3Ta1ezNWaWzH7VsmxnRngX+IuSAks0Oxbn71BjFNOIoUZktJzHT9DQlHMyNTspZIkCI/RkHiaRogT6WezLlN4GsYCqhGBs/fPbIa4lBMe6AxHaiSXvVz8z/NSFdb9jEZJqkiEdUR7YcqgimE+CRxQQbBiE00QFlRfCfEICYSVHi4v7y5X/UvaZdut2u5tpdS4WsxQBEfgGJwBF9RAA9yAJmgBDB7BM3gD78aD8WS8GK/zaMFY/DkEv2B8fAPdSZQj</latexit>

a+ = 0.286

a� = 0.714

Templates with SM amplitudes 
and spin projectors in matrix 
element

Templates with SM production 
kinematics and modified decay



Right vs wrong templates

Discussion


This example has been chosen so that Δint = 0 for simplicity and to have 
the template distributions unaltered from parton level.


It clearly shows that to fit SM (on the l.h.s.) we need SM polarised 
templates on the r.h.s. 


Because single top kinematics is SM-like, SM polarised templates must be 
used in measurements.


Using templates with incorrect production mechanism, leads to [quite?] 
different ε and therefore, to [quite?] biased results.


In addition, the normalised distributions are different [not in the previous 

example].


In the lucky event that measurements deviate significantly from the SM, 
we should think about closure tests using SM polarised templates.
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Right vs wrong templates

CAR: Custom Angle Replacement 


Method to replace the decay kinematics of top, W and Z to tune desired 
polarisations [just noticed that the same method was used by ATLAS, PolManip].


In template measurements for top, it can be used to augment samples. In 
the previous example:


Take a small        polarised sample [50 K] to parameterise production 
kinematics.


Use CAR to obtain large [1 M]                  statistically-independent 
samples with new top decays in less than a minute. 
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tLt̄L

<latexit sha1_base64="gjJ4MCkX8FoPGk+UrOULlhEdm40=">AAAB/3icbVDLSgMxFL1TX7W+Rl0KEiyCi1JmRNSVFNy4cFGLfUA7DJk004ZmHiQZoZQuBP9FcCGCbvwF/8C/MTOOoK1nk5NzziU514s5k8qyPo3CwuLS8kpxtbS2vrG5ZW7vtGSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG12mfvuOCsmi8FaNY+oEeBAynxGstOSa+8q9Rj0PC5SRSkWfjR+hUXLNslW1MqB5YuekDDnqrvnR60ckCWioCMdSdm3LmWChGOF0WuolksaYjPCAdjUNcUClM8laTNGhH+lHhxRl99/ZCQ6kHAeezgRYDeWsl4r/ed1E+efOhIVxomhIdER7fsKRilC6DNRnghLFx5pgIpj+JSJDLDBRemVpeXu26jxpHVft06p9c1KuXeRrKMIeHMAR2HAGNbiCOjSBwAM8wSu8GffGo/FsvHxHC0Y+swt/YLx/AXZHk6Y=</latexit>

tLt̄L , tRt̄R

Especially useful for multi-top production, 
generation beyond LO, etc.



Example for tt



Example for tt

Top pair                 two polarisations


Simulation with Delphes.


Reconstruction of dilepton decay by scan over neutrino momenta and fit 
of top and W masses.


Three axes: K (helicity), R (transverse) and N (normal)


No systematics study. A comparison with unfolding methods should be 
made by experiments.


Background not considered: it is quite small for the dilepton decay 
[different flavour leptons / cut on same-flavour dilepton invariant mass]


Fit results obtained by fluctuating templates assuming # events 
corresponding to 36.1 fb-1.

22

<latexit sha1_base64="Gfbr8mAzGpq1OMRgDVANoFyOY5s=">AAACIXicbVBLSwMxGPy2vmp9rXr0EiyCh1J2RdSTFLx48FCLfUC7LNk024ZmHyRZoZT+GsH/ongQQUH8M2bXRWrrnCYzE5IZL+ZMKsv6NApLyyura8X10sbm1vaOubvXklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdJX67XsqJIvCOzWOqRPgQch8RrDSkmvWlHuDeh4WKCOVCpoRGrnQmE/8Co2Sa5atqpUBLRI7J2XIUXfN514/IklAQ0U4lrJrW84EC8UIp9NSL5E0xmSEB7SraYgDKp1J1nOKjvxIPzqkKDvPZic4kHIceDoTYDWU814q/ud1E+VfOBMWxomiIdER7fkJRypC6VyozwQlio81wUQw/UtEhlhgovSoaXl7vuoiaZ1U7bOqfXtarl3mMxThAA7hGGw4hxpcQx2aQOARXuAdPowH48l4Nd5+ogUjv7MPf2B8fQM82p8M</latexit>

tLt̄L , tLt̄R , tRt̄L , tRt̄R

JAAS, Fiolhais, Martín-Ramiro, Moreno, Onofre,  2111.10394



Example for tt

As mentioned, there are two effects: distortion of the [normalised] templates 
and different efficiency factors for the different samples
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Values are similar but it is crucial to plug in the correct ones!

Efficiency 
factors



Example for tt

Also: distortion of [normalised] templates. Example: K axis
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z1 = cos ✓`+ z2 = cos ✓`�



Example for tt

The interference term Δint is small but not negligible
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z1 = cos ✓`+ z2 = cos ✓`�

Δint for K axis after 
simulation

Omitting Δint we get results with a bias of the 
order of the statistical uncertainty or larger



Example for tt

Fit results with statistical uncertainties for 36.1 fb-1
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Example for tt

Discussion


The template method presented allows to access quantities that are not 
directly measured yet [individual a’s].


The fit converges well, the only deviations found may have a statistical 
origin [samples have ~ 200 K events]

The calculation of Δint is valid not only for the SM but also for a sample 
with a large CMDM that yields quite different polarisation coefficients.
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A large forward-backward asymmetry is seen in both the top quark rapidity distribution At
FB and in the

rapidity distribution of charged leptons A‘
FB from top quarks produced at the Tevatron. We study the

kinematic and dynamic aspects of the relationship of the two observables arising from the spin correlation

between the charged lepton and the top quark with different polarization states. We emphasize the value of

both measurements, and we conclude that a new physics model which produces more right-handed than

left-handed top quarks is favored by the present data.

DOI: 10.1103/PhysRevLett.108.072002 PACS numbers: 14.65.Ha, 14.70.Pw

Introduction.—The observed forward-backward asym-
metry At

FB in the rapidity distribution of top quarks [1,2]
at the Tevatron deviates by about 2 standard deviations
(2!) from standard model (SM) expectations [3]. In addi-
tion to At

FB, the D0 group also reports a positive forward-
backward asymmetry of charged leptons from top quark
decays of A‘

FB ¼ ð15:2# 4:0Þ% compared with the small
value ð2:1# 0:1Þ% from SM [2]. The deviation of the
asymmetries may be contrasted with the good agreement
of the overall rate for top quark production with SM
predictions.

In this Letter, we focus on the kinematic and dynamic
relationship between At

FB and A‘
FB. We investigate how the

distribution of leptons in the laboratory frame is related to
the polarization state of the top quark parent. We show in a
model-independent manner that current data on the ratio of
the two asymmetries imply that more right-handed than
left-handed top quarks are produced. This is a second and
independent indication from asymmetry data of discrep-
ancy from the SM since an equal number of right- and left-
handed top quarks is predicted in the SM. We urge con-
firmation of the D0 result by the CDF Collaboration and
with the full data set in D0. Measurements of both At

FB and
A‘
FB are especially valuable because their correlation can

be related through top quark polarization to the underlying
dynamics of top quark production.

We begin with a discussion of the angular distribution of
decay leptons, first in the rest frame of the top quark and
then in the laboratory frame. Subsequently, we derive the
relationship of A‘

FB and At
FB separately for left- and right-

handed top quarks. Different models of new physics pro-
duce top quarks with different proportions of left- and
right-handed polarization. We use a W0 model [4] and an
axigluon G0 model [5] to deduce their different expecta-
tions for A‘

FB=A
t
FB. The W 0 model and other models [6]

with more right- than left-handed top quarks tend to be

preferred by the data provided that the constraint of the
overall rate is satisfied.
Kinematics.—In the top quark rest frame, the distribu-

tion in the polar angle "hel of a decay lepton ‘þ is [7]

1

!

d!

d cos"hel
¼ 1þ #t cos"hel

2
; (1)

where #t denotes the top quark helicity, #t ¼ þ for a right-
handed (tR) and #t ¼ & for a left-handed top quark (tL).
The angle is measured with respect to the direction of
motion of the top quark in the laboratory frame. Once the
top quark is boosted, the angular distribution of the charged
lepton relative to the direction of motion of the top quark is
sensitive to the energy of the top quark Et. We derive

d!

!d cos"t‘
¼ 1& $ cos"t‘ þ #tðcos"t‘ & $Þ

2%2ð1& $ cos"t‘Þ3
; (2)

where $ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1&m2

t =E
2
t

p
, % ¼ Et=mt, and "t‘ is the angle

between ‘þ and its parent top quark in the boosted frame.
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FIG. 1 (color online). cos"t‘ distribution in the boosted frame
for a top quark with Et ¼ 200 GeV.
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