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𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮

Develop a technique and tools necessary to infer the polarization of the parent particle by knowing the final
decay products for proton-proton collisions.

• Z boson would correspond to the test case.
• A polarization observable could enhance an AI

discriminator for detecting high-mass particles
with preferred third-generation fermion
couplings.

We would like to distinguish particles such as Z',
high-mass neutral Higgs, scalar resonances in
simplified models, and LQs.
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Motivation
Product decays → Childrens 

Main particle → Mother 

Child particles contain information from mother 
particle.

 Total charge.

 Tranverse momentum (mother).

 Total energy.

 Etc. 
What about spin?[𝟏𝟏]

click here
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Measuring the spin of a particle requires projecting that spin onto a certain axis (or direction in which we measure).

Click here

E.j:

Particles With spin ½ can be proyected along the z axis as:

−ℏ
2

, ℏ
2
→ −1

2
, 1
2
→ −, +   

Helicity:

 Spin projection onto the momentum direction.

𝒑𝒑 𝒑𝒑S S

ℎ = + ℎ = −
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𝒑𝒑 𝒑𝒑S S

ℎ = + ℎ = −

ℎ =
�𝑺𝑺 ⋅ 𝒑𝒑
|�𝒑𝒑|

= �𝑺𝑺 ⋅ �𝒑𝒑

 𝒑𝒑 depends on the reference frame.

𝒑𝒑 = 𝑝𝑝𝑥𝑥,𝑝𝑝𝑦𝑦 , 𝑝𝑝𝑧𝑧 → 𝒑𝒑′ = −𝑝𝑝𝑥𝑥,−𝑝𝑝𝑦𝑦 ,−𝑝𝑝𝑧𝑧 = − 𝑝𝑝𝑥𝑥, 𝑝𝑝𝑦𝑦 ,𝑝𝑝𝑧𝑧 = −𝒑𝒑

ℎ = �𝑺𝑺 ⋅ �𝒑𝒑 ℎ′ = �𝑺𝑺 ⋅ �𝒑𝒑′ = −�𝑺𝑺 ⋅ �𝒑𝒑 = −ℎ

Helicity is not invariant under transformations.

Chirality
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Chirality

 An object is chiral if we can distinguish from its mirror image.

 Intrinsic property that distinguishes between left-hand and right-
hand components of a Dirac Spinor.

𝜓𝜓𝐿𝐿 =
1 − 𝛾𝛾5

2 𝜓𝜓 𝜓𝜓𝑅𝑅 =
1 + 𝛾𝛾5

2 𝜓𝜓

Click here

No reference frame dependance

SM distinguishes between Left and Right particles.

𝑆𝑆𝑆𝑆 3 𝐶𝐶 ⊗ 𝑆𝑆𝑆𝑆 2 𝑳𝑳 ⊗ 𝑆𝑆 1 𝑌𝑌

December 2-6                   7/26

https://www.makingmolecules.com/blog/chirality


Tau polarization in Z to diTau decays

Jose Antonio Reyes Vega 9th ComHEP  (2024)

Universidad de los Andes Bogotá - Colombia

Equivalence Chirality and Helicity:

o Massless particles: 

 It does not exist a reference frame where momentum invert its direction.

 There is not mixing between Left-hand and Right-Hand in the Dirac equation.

o Ultrarelativistic

 𝒗𝒗 ~ 𝒄𝒄

 𝒑𝒑 ≫ 𝑚𝑚.

 𝐸𝐸 ~ |𝒑𝒑|
 

𝒑𝒑 𝒑𝒑S S

𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑅𝑅 𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅
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𝒁𝒁 → 𝝉𝝉−𝝉𝝉+

o Z boson couples to left-hand and right-hand particles with different strengths, so the decay
amplitude favors configurations in which: 

 𝑍𝑍:  𝜏𝜏− = 𝜏𝜏𝐿𝐿−

 𝑍𝑍:  𝜏𝜏− = 𝜏𝜏𝑅𝑅+

o Ditau combination:

 𝑄𝑄 𝑍𝑍 =  𝑄𝑄 𝜏𝜏− + 𝑄𝑄 𝜏𝜏+ = 0  “Neutral bosón”

 𝑍𝑍 → {𝜏𝜏𝑅𝑅−𝜏𝜏𝐿𝐿+, 𝜏𝜏𝐿𝐿−𝜏𝜏𝑅𝑅+}

𝒑𝒑 𝒑𝒑S S

𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑅𝑅 𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅
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𝒁𝒁:𝑷𝑷𝑮𝑮𝑮𝑮𝑮𝑮𝑷𝑷𝑷𝑷𝑷𝑷𝑮𝑮𝑷𝑷𝑷𝑷𝑮𝑮𝑷𝑷

o 𝑆𝑆 𝑍𝑍 = 1 →  𝑆𝑆Z = {−1, 0, +1}

 Z reference frame (rest frame).

Z

𝜏𝜏𝐿𝐿−

𝜏𝜏𝑅𝑅+

Z

𝜏𝜏𝑅𝑅−

𝜏𝜏𝐿𝐿+

 Tau information should allow inference of Z polarization.

 We can study the Z polarization identification from the taus
(test case): Differential xsection as a function of 𝜃𝜃∗.

December 2-6                   10/26

𝜃𝜃∗

𝜃𝜃∗



Tau polarization in Z to diTau decays

Jose Antonio Reyes Vega 9th ComHEP  (2024)

Universidad de los Andes Bogotá - Colombia

Theoretical aspects
 Z boson mediates the weak interaction, and couple to chiral Fermions (Left/Right).

o Z couples differently to right-handed, and left-handed.

o Total helicity have to be zero.

o Total charge have to be zero.

 Z decays in two taus.

 Z is produced in quark – antiquark processes.

 𝑞𝑞�𝑞𝑞 → 𝑍𝑍 → 𝜏𝜏−𝜏𝜏+

𝜏𝜏+�𝑞𝑞

𝑞𝑞 𝜏𝜏−

𝑍𝑍

 𝒈𝒈𝑽𝑽:  Left and Right-hand particle coupling.

 𝒈𝒈𝑨𝑨: Left-hand particle coupling.

𝒈𝒈𝑽𝑽 = 𝑻𝑻𝟑𝟑 − 𝟐𝟐𝑸𝑸𝒇𝒇𝒔𝒔𝒔𝒔𝑷𝑷𝟐𝟐𝜽𝜽𝑾𝑾
𝒈𝒈𝑨𝑨 = 𝑻𝑻𝟑𝟑
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 Quark pairs can also create off-shell, virtual photons, causing interference between contributions from 𝛾𝛾
and contributions from 𝑍𝑍.

�𝑞𝑞

𝑞𝑞 𝜏𝜏−

𝜏𝜏+

𝑍𝑍

�𝑞𝑞

𝑞𝑞 𝜏𝜏−

𝜏𝜏+

𝛾𝛾

𝑞𝑞�𝑞𝑞 → 𝑍𝑍/𝛾𝛾 → 𝜏𝜏−𝜏𝜏+

Xsection for the process is given by:

𝑑𝑑𝜎𝜎𝑇𝑇 𝑠𝑠 = 𝑑𝑑𝜎𝜎𝛾𝛾 𝑠𝑠 + 𝑑𝑑𝜎𝜎𝑍𝑍 𝑠𝑠 + 𝑑𝑑𝜎𝜎𝛾𝛾𝑍𝑍(𝑠𝑠)

Interference term

Transition probability amplitude,  𝑀𝑀 2, is proporcional to 𝑑𝑑𝜎𝜎. 

𝑀𝑀 2 = 𝑀𝑀𝛾𝛾 + 𝑀𝑀𝑍𝑍
2 = 𝑀𝑀𝛾𝛾

2 + 𝑀𝑀𝑍𝑍
2 + 2𝑅𝑅𝐿𝐿{𝑀𝑀𝛾𝛾𝑀𝑀𝑍𝑍} 

Interference term

¡Feynman rules!

S channel
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Feynman rules
Z boson:

 Z propagator: 

𝐷𝐷𝜇𝜇𝜇𝜇 𝑞𝑞 = −
𝑅𝑅𝑅𝑅𝜇𝜇𝜇𝜇

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 Vertex factor:

−
𝑅𝑅𝑅𝑅𝑍𝑍

2
𝛾𝛾𝜇𝜇 𝑅𝑅𝑉𝑉

𝑞𝑞/𝑓𝑓 − 𝑅𝑅𝐴𝐴
𝑞𝑞/𝑓𝑓 𝛾𝛾5

Photon:

 𝛾𝛾 propagator: 

𝐷𝐷𝜇𝜇𝜇𝜇 𝑞𝑞 = −
𝑅𝑅𝑅𝑅𝜇𝜇𝜇𝜇
𝑠𝑠

 Vertex factor:

−𝑅𝑅𝐿𝐿𝑄𝑄𝛾𝛾𝜇𝜇

Incoming fermión/antifermion:

 𝑢𝑢(𝑝𝑝𝑖𝑖) / �̅�𝑣(𝑝𝑝𝑗𝑗)

Outcoming fermión/antifermion:

�𝑢𝑢(𝑝𝑝𝑖𝑖) / 𝑣𝑣(𝑝𝑝𝑗𝑗)

̅𝐿𝐿

𝐿𝐿
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Click here

𝑅𝑅𝑀𝑀𝑍𝑍 = −
𝑅𝑅𝑅𝑅𝑍𝑍

2
�̅�𝑣 𝑝𝑝′ 𝛾𝛾𝜇𝜇 𝑅𝑅𝑉𝑉

𝑞𝑞 − 𝑅𝑅𝐴𝐴
𝑞𝑞 𝛾𝛾5 𝑢𝑢 𝑝𝑝 × −

𝑅𝑅𝑅𝑅𝜇𝜇𝜇𝜇
𝑠𝑠 − 𝑚𝑚𝑍𝑍

2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍
× −

𝑅𝑅𝑅𝑅𝑍𝑍
2

�𝑢𝑢 𝑘𝑘 𝛾𝛾𝜇𝜇 𝑅𝑅𝑉𝑉
𝑓𝑓 − 𝑅𝑅𝐴𝐴

𝑓𝑓 𝛾𝛾5 𝑣𝑣 𝑘𝑘′

=
𝑅𝑅𝑅𝑅𝑧𝑧2

4 𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

�̅�𝑣 𝑝𝑝′ 𝛾𝛾𝜇𝜇 𝑅𝑅𝑉𝑉
𝑞𝑞 − 𝑅𝑅𝐴𝐴

𝑞𝑞 𝛾𝛾5 𝑢𝑢 𝑝𝑝 �𝑢𝑢 𝑘𝑘 𝛾𝛾𝜇𝜇 𝑅𝑅𝑉𝑉
𝑓𝑓 − 𝑅𝑅𝐴𝐴

𝑓𝑓 𝛾𝛾5 𝑣𝑣 𝑘𝑘′

𝐿𝐿

̅𝐿𝐿

�𝑞𝑞

𝑞𝑞
S channel

𝑞𝑞

𝑝𝑝

𝑝𝑝′

𝑘𝑘

𝑘𝑘′

=
𝑅𝑅𝑅𝑅𝑧𝑧2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

�

�

𝑅𝑅𝐿𝐿
(𝑓𝑓)𝑅𝑅𝐿𝐿

𝑞𝑞 �𝒗𝒗↑ 𝒑𝒑′ 𝜸𝜸𝝁𝝁𝒖𝒖↓ 𝒑𝒑 �𝒖𝒖↑ 𝒌𝒌 𝜸𝜸𝝁𝝁𝒗𝒗↓ 𝒌𝒌′ + 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝐿𝐿

𝑞𝑞 �𝒗𝒗↑ 𝒑𝒑′ 𝜸𝜸𝝁𝝁𝒖𝒖↓ 𝒑𝒑 �𝒖𝒖↓ 𝒌𝒌 𝜸𝜸𝝁𝝁𝒗𝒗↑ 𝒌𝒌′

+ 𝑅𝑅𝐿𝐿
(𝑓𝑓)𝑅𝑅𝑅𝑅

𝑞𝑞 �𝒗𝒗↓ 𝒑𝒑′ 𝜸𝜸𝝁𝝁𝒖𝒖↑ 𝒑𝒑 �𝒖𝒖↑ 𝒌𝒌 𝜸𝜸𝝁𝝁𝒗𝒗↓ 𝒌𝒌′ + 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 �𝒗𝒗↓ 𝒑𝒑′ 𝜸𝜸𝝁𝝁𝒖𝒖↑ 𝒑𝒑 �𝒖𝒖↓ 𝒌𝒌 𝜸𝜸𝝁𝝁𝒗𝒗↑ 𝒌𝒌′
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How to understand each term?

Z
𝑞𝑞𝑅𝑅 �𝑞𝑞𝐿𝐿

𝜏𝜏𝑅𝑅−

𝜏𝜏𝑅𝑅+

𝜃𝜃∗

RR: (𝑞𝑞𝑅𝑅 �𝑞𝑞𝐿𝐿 → 𝑍𝑍 → 𝐿𝐿𝑅𝑅𝐿𝐿𝐿𝐿)

𝑅𝑅𝑀𝑀𝑅𝑅𝑅𝑅(𝑍𝑍) =
𝑅𝑅𝑅𝑅𝑧𝑧2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 𝑅𝑅𝑅𝑅
(𝑓𝑓)𝑅𝑅𝑅𝑅

𝑞𝑞 �𝒗𝒗↓ 𝒑𝒑′ 𝜸𝜸𝝁𝝁𝒖𝒖↑ 𝒑𝒑 �𝒖𝒖↑ 𝒌𝒌 𝜸𝜸𝝁𝝁𝒗𝒗↓ 𝒌𝒌′ =
𝑅𝑅𝑅𝑅𝑧𝑧2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 𝑠𝑠 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

𝑀𝑀𝑅𝑅𝑅𝑅
2 =

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2
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𝑞𝑞𝐿𝐿 �𝑞𝑞𝑅𝑅 → 𝑍𝑍 → 𝜏𝜏𝑅𝑅−𝜏𝜏𝐿𝐿+𝑞𝑞𝑅𝑅 �𝑞𝑞𝐿𝐿 → 𝑍𝑍 → 𝜏𝜏𝑅𝑅−𝜏𝜏𝐿𝐿+

𝑞𝑞𝑅𝑅 �𝑞𝑞𝐿𝐿 → 𝑍𝑍 → 𝜏𝜏𝐿𝐿−𝜏𝜏𝑅𝑅+ 𝑞𝑞𝐿𝐿 �𝑞𝑞𝑅𝑅 → 𝑍𝑍 → 𝜏𝜏𝐿𝐿−𝜏𝜏𝑅𝑅+

Scheme taken from [2]
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RR RL LR LL

𝑀𝑀𝑍𝑍
2

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝐿𝐿

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝐿𝐿
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝐿𝐿
𝑓𝑓 𝑅𝑅𝐿𝐿

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑀𝑀𝛾𝛾 2
𝐿𝐿4 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2 𝐿𝐿4 𝑄𝑄(𝑓𝑓)𝑄𝑄(𝑞𝑞) 2 1− 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2 𝑄𝑄(𝑓𝑓)𝑄𝑄(𝑞𝑞) 2 1 − 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2 𝐿𝐿4 𝑄𝑄(𝑓𝑓)𝑄𝑄(𝑞𝑞) 2 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑀𝑀𝛾𝛾𝑀𝑀𝑧𝑧 𝑅𝑅𝑍𝑍2𝐿𝐿2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 𝑠𝑠 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2 𝑅𝑅𝑍𝑍2𝐿𝐿2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝐿𝐿

𝑞𝑞

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

𝑠𝑠 1− 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2 𝑅𝑅𝑍𝑍2𝐿𝐿2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐿𝐿
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 𝑠𝑠(

)

1

− 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑅𝑅𝑍𝑍2𝐿𝐿2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐿𝐿
𝑓𝑓 𝑅𝑅𝐿𝐿

𝑞𝑞

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 𝑠𝑠(

)

1

+ 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑅𝑅𝑅𝑅
𝑓𝑓 → 𝑄𝑄 𝑓𝑓 ;  𝑅𝑅𝐿𝐿

𝑞𝑞 → −𝑄𝑄 𝑞𝑞 ;  𝑅𝑅𝑧𝑧4 → 𝐿𝐿4;  
1

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 →

1
𝑠𝑠2

 because 𝑚𝑚𝛾𝛾 = 0

Equivalence between photons and Z:

𝑀𝑀 𝑅𝑅𝑅𝑅 2
= 𝑀𝑀𝛾𝛾

𝑅𝑅𝑅𝑅 2
+ 𝑀𝑀𝑧𝑧

𝑅𝑅𝑅𝑅 2
+ 2𝑅𝑅𝐿𝐿 𝑀𝑀𝛾𝛾

𝑅𝑅𝑅𝑅 𝑀𝑀𝑍𝑍
𝑅𝑅𝑅𝑅 With the table we can calculate any combination
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 In the 𝑀𝑀 calculation, we have observed a dependence with the angle 𝜃𝜃∗ in the Z frame reference.
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Differencial xsection

Z
𝑞𝑞 �𝑞𝑞

𝜏𝜏−

𝜏𝜏+

𝜃𝜃∗

We can estimate:

𝑑𝑑𝜎𝜎
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
𝑀𝑀 2

32𝜋𝜋𝑠𝑠
Undefined polarization state

𝑑𝑑𝜎𝜎
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ =

1
3

𝑀𝑀 2

32𝜋𝜋𝑠𝑠  →
𝑑𝑑𝜎𝜎𝑅𝑅𝑅𝑅
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ =

1
3

𝑀𝑀𝑅𝑅𝑅𝑅
2

32𝜋𝜋𝑠𝑠

Longitudinal and transversal

Test
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𝑑𝑑𝜎𝜎𝑅𝑅𝑅𝑅
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
3

1
32𝜋𝜋𝑠𝑠

𝐿𝐿4 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2
+

𝑠𝑠2𝑅𝑅𝑧𝑧4 𝑅𝑅𝑅𝑅
𝑓𝑓 𝑅𝑅𝑅𝑅

𝑞𝑞 2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 2 + 𝑚𝑚𝑍𝑍Γ𝑍𝑍 2 + 2𝐿𝐿2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑅𝑅

𝑓𝑓 𝑅𝑅𝑅𝑅
𝑞𝑞 𝑅𝑅𝐿𝐿

𝑠𝑠𝑅𝑅𝑍𝑍2

𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

 1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑑𝑑𝜎𝜎𝑅𝑅𝑅𝑅
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
3

4𝜋𝜋𝛼𝛼2

𝑠𝑠
1
2

1
4

𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2
+ 2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑅𝑅

𝑓𝑓 𝑅𝑅𝑅𝑅
𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠  + 𝜒𝜒 𝑠𝑠 2 𝑅𝑅𝑅𝑅

𝑓𝑓 𝑅𝑅𝑅𝑅
𝑞𝑞 2

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

Where:

𝛼𝛼 =
𝐿𝐿2

4𝜋𝜋
 𝜒𝜒 𝑠𝑠 =

𝑠𝑠𝐺𝐺𝐹𝐹𝑚𝑚𝑧𝑧
2

2𝜋𝜋 2𝛼𝛼 𝑠𝑠 − 𝑚𝑚𝑍𝑍
2 + 𝑅𝑅𝑚𝑚𝑍𝑍Γ𝑍𝑍

We can extend our result to the 4 possible combinations

𝑑𝑑𝜎𝜎𝐿𝐿𝐿𝐿
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
3

4𝜋𝜋𝛼𝛼2

𝑠𝑠
1
2

1
4

𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2
+ 2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐿𝐿

𝑓𝑓 𝑅𝑅𝐿𝐿
𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠  + 𝜒𝜒 𝑠𝑠 2 𝑅𝑅𝐿𝐿

𝑓𝑓 𝑅𝑅𝐿𝐿
𝑞𝑞 2

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑑𝑑𝜎𝜎𝑅𝑅𝐿𝐿
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
3

4𝜋𝜋𝛼𝛼2

𝑠𝑠
1
2

1
4

𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2
+ 2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐿𝐿

𝑓𝑓 𝑅𝑅𝑅𝑅
𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠  + 𝜒𝜒 𝑠𝑠 2 𝑅𝑅𝐿𝐿

𝑓𝑓 𝑅𝑅𝑅𝑅
𝑞𝑞 2

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2

𝑑𝑑𝜎𝜎𝐿𝐿𝑅𝑅
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
3

4𝜋𝜋𝛼𝛼2

𝑠𝑠
1
2

1
4

𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2
+ 2𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑅𝑅

𝑓𝑓 𝑅𝑅𝐿𝐿
𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠  + 𝜒𝜒 𝑠𝑠 2 𝑅𝑅𝑅𝑅

𝑓𝑓 𝑅𝑅𝐿𝐿
𝑞𝑞 2

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 2
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We will describe the differential cross section as a function of the final-state fermion polarization, averaging over the possible
states of the quarks in the initial configuration.

𝑑𝑑𝜎𝜎𝑋𝑋𝑅𝑅
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
2

𝑑𝑑𝜎𝜎𝑅𝑅𝑅𝑅
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

+
𝑑𝑑𝜎𝜎𝐿𝐿𝑅𝑅

𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗
𝑑𝑑𝜎𝜎𝑋𝑋𝐿𝐿
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

=
1
2

𝑑𝑑𝜎𝜎𝑅𝑅𝐿𝐿
𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

+
𝑑𝑑𝜎𝜎𝐿𝐿𝐿𝐿

𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

𝑑𝑑𝜎𝜎 𝜆𝜆
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ = 1 + cos2 𝜃𝜃∗

1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠 𝔍𝔍1 + 𝔍𝔍2 + 𝔍𝔍3 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠 𝔍𝔍6  + 𝔍𝔍7 − 𝝀𝝀 1 + cos2 𝜃𝜃∗ −
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠 𝔍𝔍4 + 𝔍𝔍5 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ −
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠 𝔍𝔍8 + 𝔍𝔍9

𝜆𝜆 = �+1 𝐿𝐿 → 𝑅𝑅
−1 𝐿𝐿 → 𝐿𝐿

𝐹𝐹0
𝑓𝑓 =

1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠
(𝔍𝔍1 + 𝔍𝔍2 + 𝔍𝔍3) 𝐹𝐹1

𝑓𝑓 =
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠
𝔍𝔍6  + 𝔍𝔍7 𝐹𝐹2

𝑓𝑓 = −
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠
𝔍𝔍8 + 𝔍𝔍9 𝐹𝐹3

𝑓𝑓 = −
1
2

2𝜋𝜋𝛼𝛼2

3𝑠𝑠
𝔍𝔍4 + 𝔍𝔍5

𝑑𝑑𝜎𝜎 𝜆𝜆
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ = 1 + cos2 𝜃𝜃∗ 𝐹𝐹0

𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹1
𝑓𝑓 − 𝜆𝜆 1 + cos2 𝜃𝜃∗ 𝐹𝐹2

𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹3
𝑓𝑓
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Tau polarization
We can define polarization asymmetry as the asymmetry between the number of Right-hand and Left-hand 𝜏𝜏− [6].

𝑃𝑃𝜏𝜏− =
𝑁𝑁𝑅𝑅 − 𝑁𝑁𝐿𝐿
𝑁𝑁𝑅𝑅 + 𝑁𝑁𝐿𝐿

=
�𝑑𝑑𝜎𝜎𝑋𝑋𝑅𝑅

𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 𝜏𝜏−
− �𝑑𝑑𝜎𝜎𝑋𝑋𝐿𝐿
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 𝜏𝜏−

�𝑑𝑑𝜎𝜎𝑋𝑋𝑅𝑅
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 𝜏𝜏−

+ �𝑑𝑑𝜎𝜎𝑋𝑋𝐿𝐿
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ 𝜏𝜏−

=
𝑑𝑑𝜎𝜎 𝜆𝜆 = −1
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ − 𝑑𝑑𝜎𝜎 𝜆𝜆 = +1

𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗
𝑑𝑑𝜎𝜎 𝜆𝜆 = −1
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ + 𝑑𝑑𝜎𝜎 𝜆𝜆 = +1

𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

𝑃𝑃𝜏𝜏− =
1 + cos2 𝜃𝜃∗ 𝐹𝐹2

𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹3
𝑓𝑓

1 + cos2 𝜃𝜃∗ 𝐹𝐹0
𝑓𝑓 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹1

𝑓𝑓

Integrating over all possible values  𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗.
𝑃𝑃𝜏𝜏− = �

−1

1 1 + cos2 𝜃𝜃∗ 𝐹𝐹2
𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹3

𝑓𝑓

1 + cos2 𝜃𝜃∗ 𝐹𝐹0
𝑓𝑓 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹1

𝑓𝑓 𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ = −
𝐹𝐹2
𝑓𝑓

𝐹𝐹0
𝑓𝑓

𝑃𝑃𝜏𝜏− = −
2𝑅𝑅𝑉𝑉

𝑓𝑓 𝑅𝑅𝐴𝐴
𝑓𝑓

𝑅𝑅𝑉𝑉
𝑓𝑓 2

+ 𝑅𝑅𝐴𝐴
𝑓𝑓 2 = −𝐴𝐴𝜏𝜏−

X|
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Experimental observables
𝝉𝝉− 𝒅𝒅𝒔𝒔𝒄𝒄𝑮𝑮𝒅𝒅

Click here

Click here

Tau parameters:

𝑚𝑚𝜏𝜏− = 1776.86 ± 0.12 MeV

𝜏𝜏 = 290.3 ± 0.5 fs

“In the case of a tau decaying to a pion and a neutrino, the neutrino is preferably emitted opposite the spin orientation of 
the tau to conserve angular moment”
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https://www.researchgate.net/figure/Overview-of-the-dominating-tau-lepton-decay-modes-The-category-others-contains-decays_fig100_333942621
https://tikz.net/tau_decay/
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Click here

Plots taken from [7]

𝑑𝑑𝜎𝜎 𝜆𝜆
𝑑𝑑𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗ = 1 + cos2 𝜃𝜃∗ 𝐹𝐹0

𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹1
𝑓𝑓 − 𝜆𝜆 1 + cos2 𝜃𝜃∗ 𝐹𝐹2

𝑓𝑓 + 2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗𝐹𝐹3
𝑓𝑓

𝝀𝝀 = �+𝟏𝟏 𝒇𝒇 → 𝑹𝑹
−𝟏𝟏 𝒇𝒇 → 𝑳𝑳
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𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃 = �𝑷𝑷𝝉𝝉− ⋅ �𝑷𝑷𝒉𝒉− ≈ 2𝑥𝑥 − 1

Where:

𝑥𝑥 =
𝐸𝐸ℎ±

𝐸𝐸𝜏𝜏

𝝉𝝉− → 𝝆𝝆𝝆𝝆𝝉𝝉− → 𝝅𝝅𝝆𝝆

𝛾𝛾 =
𝐸𝐸ℎ± − 𝐸𝐸ℎ0
𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

https://arxiv.org/pdf/2309.12408
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MadGraph Pythia Delphes
Partonic level Hadronization Detector

Reference plot taken From [8]
Our results

Jet:

• TauTag: 0 or 1 for a  jet that has  
been tagged as  a  tau

• Nneutrals : number of neutral 
cons tituents .

• Ncharged: number of charged 
cons tituents : (1)

• Cons tituents : references  to 
cons tituents : (-211)

Click here

https://cp3.irmp.ucl.ac.be/projects/delphes/wiki/WorkBook/RootTreeDescription
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Summary
Theoretical calculations of the tau polarization study were developed for the scenario 𝑞𝑞�𝑞𝑞 → 𝑍𝑍 → 𝜏𝜏−𝜏𝜏+.

 Interferences between virtual photons and Z bosons were considered.

 The differential xsection was obtained for the 4 possible combinations of final and initial states 
(RR, RL, LR, LL).

 The dependence of xsection with tau polarization was quantified using the 𝜆𝜆 parameter.

 Some observables to be considered were identified: 𝑥𝑥 and 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃 (work is in progress).
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Coupling constants: Weak interaction

𝑅𝑅𝐿𝐿
𝑞𝑞 = 𝑇𝑇3

𝑞𝑞 − 𝑄𝑄 𝑞𝑞 𝑠𝑠𝐿𝐿𝑛𝑛2𝜃𝜃𝑊𝑊 𝑦𝑦 𝑅𝑅𝑅𝑅
𝑞𝑞 = −𝑄𝑄 𝑞𝑞 𝑠𝑠𝐿𝐿𝑛𝑛2𝜃𝜃𝑊𝑊

𝑅𝑅𝐿𝐿
(𝑓𝑓) = 𝑇𝑇3

(𝑓𝑓) − 𝑄𝑄 𝑓𝑓 𝑠𝑠𝐿𝐿𝑛𝑛2𝜃𝜃𝑊𝑊 𝑦𝑦 𝑅𝑅𝑅𝑅
𝑓𝑓 = −𝑄𝑄 𝑓𝑓 𝑠𝑠𝐿𝐿𝑛𝑛2𝜃𝜃𝑊𝑊

𝑅𝑅𝑉𝑉 = 𝑇𝑇3 − 2𝑄𝑄𝑓𝑓𝑠𝑠𝐿𝐿𝑛𝑛2𝜃𝜃𝑊𝑊
𝑅𝑅𝐴𝐴 = 𝑇𝑇3

𝐴𝐴𝜇𝜇
𝑍𝑍𝜇𝜇

= 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊 𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃𝑊𝑊
−𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃𝑊𝑊 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊

𝐵𝐵𝜇𝜇
𝑊𝑊𝜇𝜇

3

𝑄𝑄 =
𝑌𝑌
2 + 𝑇𝑇3 → 𝑌𝑌 = 2 𝑄𝑄 − 𝑇𝑇3
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𝑪𝑪𝑮𝑮𝒔𝒔𝜽𝜽∗

 Polarización transversal negativa:

𝑅𝑅𝑀𝑀− = −
𝑅𝑅
2

1
2

0,1,−𝑅𝑅, 0 ⋅ 2
𝐸𝐸𝑅𝑅𝑉𝑉𝑅𝑅𝑊𝑊
2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊

0,−𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗,−𝑅𝑅, 𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃∗ =
1
2
𝐸𝐸𝑅𝑅𝑉𝑉𝑅𝑅𝑊𝑊
𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊

1 + 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗

 Polarización longitudinal:

   𝑅𝑅𝑀𝑀0 = − 𝑖𝑖
2

1
𝑚𝑚𝑍𝑍

𝑝𝑝𝑧𝑧,𝑍𝑍, 0,0,𝐸𝐸𝑧𝑧 ⋅ 2 𝐸𝐸𝑔𝑔𝑉𝑉𝑔𝑔𝑊𝑊
2𝑐𝑐𝑇𝑇𝑐𝑐𝜃𝜃𝑊𝑊

0,−𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗,−𝑅𝑅, 𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃∗ = − 1
2
𝐸𝐸𝐸𝐸𝑧𝑧𝑔𝑔𝑉𝑉𝑔𝑔𝑊𝑊
𝑐𝑐𝑇𝑇𝑐𝑐𝜃𝜃𝑊𝑊𝑚𝑚𝑍𝑍

𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃∗

 Polarización transversal positiva:

𝑅𝑅𝑀𝑀+ = −
𝑅𝑅
2
−

1
2

0,1, 𝑅𝑅, 0 ⋅ 2
𝐸𝐸𝑅𝑅𝑉𝑉𝑅𝑅𝑊𝑊
2𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊

0,−𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗,−𝑅𝑅, 𝑠𝑠𝐿𝐿𝑛𝑛𝜃𝜃∗ =
1
2
𝐸𝐸𝑅𝑅𝑉𝑉𝑅𝑅𝑊𝑊
𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃𝑊𝑊

1 − 𝑐𝑐𝑐𝑐𝑠𝑠𝜃𝜃∗
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Variable Value
𝔍𝔍1 2

4
𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 2

𝔍𝔍2 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑉𝑉
𝑓𝑓 𝑅𝑅𝑉𝑉

𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒(𝑠𝑠)

𝔍𝔍3 𝜒𝜒 𝑠𝑠 2

8
𝑅𝑅𝑉𝑉

𝑓𝑓 2
+ 𝑅𝑅𝐴𝐴

𝑓𝑓 2
𝑅𝑅𝑉𝑉

𝑞𝑞 2
+ 𝑅𝑅𝐴𝐴

𝑞𝑞 2

𝔍𝔍4 𝑅𝑅𝑉𝑉
𝑞𝑞 𝑅𝑅𝐴𝐴

𝑞𝑞 𝜒𝜒 𝑠𝑠 2

4
𝑅𝑅𝑉𝑉

𝑓𝑓 2
+ 𝑅𝑅𝐴𝐴

𝑓𝑓 2

𝔍𝔍5 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝑉𝑉
𝑓𝑓 𝑅𝑅𝐴𝐴

𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒(𝑠𝑠) 

𝔍𝔍6 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐴𝐴
𝑓𝑓 𝑅𝑅𝐴𝐴

𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠

𝔍𝔍7 𝜒𝜒 𝑠𝑠 2

2
𝑅𝑅𝑉𝑉

𝑓𝑓 𝑅𝑅𝑉𝑉
𝑞𝑞 𝑅𝑅𝐴𝐴

𝑓𝑓 𝑅𝑅𝐴𝐴
𝑞𝑞

𝔍𝔍8 𝑅𝑅𝑉𝑉
𝑓𝑓 𝑅𝑅𝐴𝐴

𝑓𝑓 𝜒𝜒 𝑠𝑠 2

4
𝑅𝑅𝑉𝑉

𝑞𝑞 2
+ 𝑅𝑅𝐴𝐴

𝑞𝑞 2

𝔍𝔍9 𝑄𝑄 𝑓𝑓 𝑄𝑄 𝑞𝑞 𝑅𝑅𝐴𝐴
𝑓𝑓 𝑅𝑅𝑉𝑉

𝑞𝑞 𝑅𝑅𝐿𝐿 𝜒𝜒 𝑠𝑠

Variables used in the differencial xsection calculation
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Delphes: Studies
Assymetry_tau(antitau)=

2𝑝𝑝𝑇𝑇
ℎ∓

𝑝𝑝𝑇𝑇
𝜏𝜏∓

− 1
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