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Motivation 

CMS and ATLAS measured the polarization and spin 

correlations in top pair production 𝑝𝑝 → 𝑡 ҧ𝑡 .

The spin density matrix for 𝑡 and ҧ𝑡 :

𝜌 =
1

4
𝟙 ⊗ 𝟙 + ෨𝐵𝑖

+𝜎𝑖 ⊗ 𝟙 + ෨𝐵𝑖
−𝟙 ⊗ 𝜎𝑖 + ሚ𝐶𝑖𝑗𝜎𝑖 ⊗ 𝜎𝑗

Can we conduct similar measurements for the other 

quarks?

CMS Collaboration, PRD 100, 072002 (2019)

[arxiv:1907.03729]
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Simulated Quark Spin Correlations

MadGraph and MadSpin simulation of 𝑡, 𝑏 and 𝑐.

{෠𝑘, ො𝑛, Ƹ𝑟} set of orthonormal axes defined in the 𝑞 ത𝑞 CM frame.
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Measuring Polarization and Spin Correlations

For non-top quarks, we use baryons (Λ𝑞). 

𝜇𝑞 ∝
1

𝑚𝑞
, 𝑚𝑞 ≫ ΛQCD

5

0

Λ𝑏

1/2
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Measuring Polarization and Spin Correlations

For non-top quarks, we use baryons (Λ𝑞). 

𝜇𝑞 ∝
1

𝑚𝑞
, 𝑚𝑞 ≫ ΛQCD

Some loss during hadronization:

 𝑟𝑇/𝐿 =
𝒫𝑇/𝐿 Λ𝑞

𝒫𝑇/𝐿 𝑞
~0.5 

                                                        

Polarization retention factor.  Depends on the direction (transverse or longitudinal).

Falk and Peskin, PRD 49 , 3320 (1994) [hep-ph/9308241]

Galanti, Giammanco, Grossman, Kats, Stamou, Zupan, JHEP 11 (2015) 067 [1505.02771]
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1

Σ𝑏, Σ𝑏
∗

(→ Λ𝑏𝜋)
𝒒𝒒

1/2

𝒃

0

Λ𝑏

1/2
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Using 𝜃𝑖, the decay product angle in relation to one of the axes {෠𝑘, ො𝑛, Ƹ𝑟}:

1

𝜎

𝑑𝜎

𝑑 cos 𝜃𝑖
± =

1

2
1 + 𝐵𝑖

±cos 𝜃𝑖
±

𝐵𝑖
± = 𝛼± 𝑟𝑖  𝑓𝑏𝑖

±

1

𝜎

𝑑𝜎

𝑑 (cos 𝜃𝑖
+cos 𝜃𝑗

−)
=

1

2
1 + 𝐶𝑖𝑗cos 𝜃𝑖

+cos 𝜃𝑗
− ln

1

cos 𝜃𝑖
+ cos 𝜃𝑗

−
 

𝐶𝑖𝑗 = 𝛼+𝛼−𝑟𝑖𝑟𝑗𝑓𝑐𝑖𝑗

7

Baryon Decay Angular Distributions

𝑓 =
𝑁𝑠𝑖𝑔

𝑁𝑠𝑖𝑔 + 𝑁𝑏𝑔

Sample Purity
Spin analyzing 

power

Polarization 

retention factor 

(𝑟𝑇 or 𝑟𝐿)
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Bottom Channel 𝚲𝐛 → 𝝁− ത𝝂𝝂𝑿𝒄
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Trigger Motivated Cuts

ATLAS Dimuon Triggers:

Dimuon trigger motivated cuts: 𝑝𝑇
𝜇

> 15 GeV without isolation and 𝜂 < 2.4.

CMS Parked Data:

Recorded CMS data during Run 2 (~ 42 fb−1) to be processed later.
CMS collaboration, arXiv:2403.16134

• Single muon trigger.

• Lower specialized trigger 𝑝𝑇 cuts, between 7 and 12 GeV.

• Transverse impact parameter significance cut.
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Expected Statistical Uncertainties for Run 2 Data
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Polarization and spin correlations range: −1,1 .

Simulated using Pythia8 + MadGraph.
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Expected Statistical Uncertainties for Run 2 Data
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Spin correlations can be measured in Run 2.

12

Expected Statistical Uncertainties for Run 2 Data
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Charm Channel 𝚲𝐜
+ → 𝝁+𝝂𝝁𝚲 → 𝒑𝝅−

HL-LHC (3000 fb−1) results:

Spin correlations will be measurable at the HL-LHC.
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Using the measured values (𝐵𝑖 , 𝐶𝑖𝑗) and the partonic predictions (𝑏𝑖 , 𝑐𝑖𝑗):

𝑟𝑖 =
𝐵𝑖

𝑏𝑖𝛼𝑓

 𝑟𝑖
2 =

𝐶𝑖𝑖

𝑐𝑖𝑖𝛼2𝑓
, 𝑟𝑖𝑟𝑗 =

𝐶𝑖𝑗 ± 𝐶𝑗𝑖

2𝑐𝑘(𝑖𝑗)𝛼+𝛼−𝑓

Can lead to information on QCD polarization transfer in fragmentation.
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Polarization Retention Factor Measurement
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Δ =
−𝐶𝑛𝑛 + 𝐶𝑘𝑘 + 𝐶𝑟𝑟 − 1

2

𝒱 = 𝐶𝑘𝑘
2 + 𝐶𝑟𝑟

2 − 1

Entanglement measurement is possible in Run 2 (ATLAS, CMS and LHCb).

Bell’s inequality will be possible at the HL-LHC. 

Afik, Kats, Muñoz de Nova, Soffer, Uzan, arXiv:2406.04402
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Entanglement and Bell’s Inequality, 𝒑𝒑 → 𝒃ഥ𝒃
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Conclusions & Future work

• We showed that there is merit to measuring polarization and spin correlations in di-

jet events for the heavy quarks.

• There is enough statistics already in Run 2 for polarization measurements in 𝑏 and 𝑐.

• We can measure spin correlations in Run 2 using parked data for 𝑏.

• We will be able to measure spin correlations of 𝑐 with HL-LHC. 

• We proposed that using the measured spin correlations we can extract 𝑟𝑇/𝐿.

• The spin correlations can be used as a probe for entanglement (arxiv:2406.04402) and 

BSM physics.
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Thank you!



Supplemental Material 



Heavy Quark Decay Chain

We decided to look into four decay chains:
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Prospects for All Channels Examined



Density Matrix

The most general case for spin-1/2:

𝑅 ∝ ሚ𝐴𝟙 ⊗ 𝟙 + ෨𝐵𝑖
+𝜎𝑖 ⊗ 𝟙 + ෨𝐵𝑖

−𝟙 ⊗ 𝜎𝑖 + ሚ𝐶𝑖𝑗𝜎𝑖 ⊗ 𝜎𝑗

where ሚ𝐴 determines the total cross section and kinematics, ෩𝑩± are three-dimensional 

vectors characterizing the polarization, and ෩𝑪 is a 3×3 matrix characterizing the spin 

correlations.
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Δ𝑏𝑖 =
𝐴𝐵

𝑟𝑖𝛼 𝑓𝑁𝑠𝑖𝑔
 

 Δ𝑐𝑖𝑖 =
𝐴𝐶𝑖𝑖

𝑟𝑖
2𝛼2 𝑓𝑁𝑠𝑖𝑔

Δ𝑐𝑘(𝑖𝑗) =
𝐴𝐶𝑖𝑗

𝑟𝑖𝑟𝑗𝛼2 𝑓𝑁𝑠𝑖𝑔
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Statitical Uncertainty of Polarization and Spin Correlations
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Mesons can’t be used for spin measurements.

↓ 𝑏 ↓ ത𝑞 , ↓ 𝑏 ↑ ത𝑞

For 𝐵∗ meson, where
1

2
⊗

1

2
= 0 ⊕ 1 = B ⊕ B∗:

𝑃 ത𝐵∗ −1 =
1

2
, 𝑃 ത𝐵∗ 0 =

1

4
, 𝑃 ത𝐵∗ 1 = 0, 𝑃 𝐵 0 =

1

4

𝐵∗ → 𝐵𝛾

We get uniform angular distribution, no information of the spin of the b quark. 

Falk and Peskin, PRD 49 , 3320 (1994) [hep-ph/9308241]
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Spin Measurement through Mesons
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For the baryons the spin is retained:

↓ 𝑏 ↓ 𝑞 ↓ 𝑞′ , ↓ 𝑏 ↓ 𝑞 ↑ 𝑞′ , ↓ 𝑏 ↑ 𝑞 ↓ 𝑞′ , ↓ 𝑏 ↑ 𝑞 ↑ 𝑞′

1

2
𝑏

⊗
1

2
𝑞

⊗
1

2
𝑞′

=
1

2
⊗ 1 ⊕ 0 =

1

2
⊕

1

2
⊕

3

2
 

We lose polarization information in hadronization through indirect Λ𝑏 production:

𝑏 → Σ𝑏, Σ𝑏
∗ , Λ𝑏, Σ𝑏

(∗)
→ Λ𝑏𝜋

Falk and Peskin, PRD 49 , 3320 (1994) [hep-ph/9308241]

𝚲𝒃 𝚺𝒃 𝚺𝒃
∗

24

Spin Measurement through Baryons
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Energy and momentum reconstruction in the b channel:

𝐸Λ𝑏
= 𝑧 𝐸𝑏 = 𝐸𝑋𝑐𝜇 + E𝜈

The term 𝐸′𝑗𝑒𝑡 is the jet energy with subtraction from all tracks originating in the 

primary vertex:

𝐸𝑋𝑐𝜇 =
3 𝑧 𝐸𝑗𝑒𝑡

′ − 1 − 𝑧 𝐸𝜈

1 + 2〈𝑧〉
≈

3〈𝑧〉

2〈𝑧〉 + 1
𝐸𝑗𝑒𝑡

′

The second term in the numerator is an order of magnitude lower than that of the jet.

Energy and Momentum Reconstruction
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We can get the momentum of the neutrino through:

𝑃𝜈
⊥ = −𝑃⊥,  𝑃𝜈

∥ = −𝑎 ± 𝑏

where:

𝑎 =
𝑚Λ𝑏

2 − 𝑚2 − 2𝑃⊥
2 𝑃∥

2(𝑃∥
2 − 𝐸2)

,  𝑏 =
𝑚Λ𝑏

2 − 𝑚2 − 2𝑃⊥
2 𝐸2

4(𝑃∥
2 − 𝐸2)

+
𝐸2𝑃⊥

2 

𝑃∥
2 − 𝐸2
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Energy and Momentum Reconstruction
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Expected Number of Events for 𝒃ഥ𝒃 in Run 2 
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Expected Number of Polarization Events for 𝒃ഥ𝒃 in HL-LHC
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Expected Number of Spin Correlations Events for 𝒃ഥ𝒃 in HL-LHC
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Expected Statistical Uncertainty for 𝒃ഥ𝒃 in Run 2 
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Expected Statistical Uncertainty for 𝒃ഥ𝒃 in HL-LHC
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Expected Statistical Uncertainty for 𝒃ഥ𝒃 in HL-LHC
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Expected Statistical Uncertainty and Number of Events for 𝒄ത𝒄 in HL-LHC
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Entanglement and Bell’s Inequality, 𝒑𝒑 → 𝒃ഥ𝒃  
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