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Focus of the talk

1. The amplitude description
2. Production polarization
3. New physics searches



ØPolarisation: spin projection on a given axis. 
ØTechnique to measure it, example of 2-body decays:

à 2 main elements: asymmetry parameter and polarization vector

Amplitude for polarisation measurement
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θ : angle baryon momentum and baryon spin
P is the magnitude of the polarization vector 

1. The decay asymmetry parameter 𝛼 :is independent of the production mechanism.
2. The polarization P instead depends on the production mechanism. 



ØAsymmetry parameter 𝛼 : is a property of the decay studied. 
Ø It depends on the final/initial state spins and on the interactions involved

ØThe larger is 𝜶 the larger is the sensitivity on the polarization
Ø If parity is conserved, 𝜶 = 𝟎à loss of sensitivity. Need a weak decay.
ØBoth, PV and PC amplitude needed
ØHowever if 𝑃 = 0, 𝛼 can still be measured

Asymmetry parameter
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𝐴!" = parity violating
𝐴!# = parity conserving𝛼 =

2𝑅𝑒(𝐴!"∗ 𝐴!$)
𝐴!" % + 𝐴!$ %



• 3-body case: subsequent decays 𝐴 → 𝐵 → 𝐷 + 𝐸 + 𝐶

Amplitude
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Isobar decomposition: factorize the amplitude in dynamic part and angular part:  

Helicity formalism [M. Jacob and G.C. Wick Annals Phys. 7, 404 (1959)] 

Most of the resonances described using
relativistic Breit Wigner lineshape,
but not always..

• Nowadays huge datasets to perform very detailed analysis àthe formalism need to evolve

• Two-body formula sill holds:
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• Different angles depending on the chain

• Intermediate resonant states interfere between 
different chains

• Caveat: spin matching is not trivial!

https://www.sciencedirect.com/science/article/abs/pii/000349165990051X


• Example for Λ$% → 𝑝 𝐾& 𝜋% :

Spin projection axis
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1. Λ!" → (𝐾∗→ 𝐾$𝜋") 𝑝

2. Λ!" → (Δ""→ 𝑝𝜋") 𝐾$

3. Λ!" → (Λ → 𝑝𝐾$) 𝜋"
Λ!" → 𝑝 𝐾# 𝜋"

• The proton helicity frame is reached through a different sequence of rotations and boosts:

The proton quantization axis 
is the direction of the proton
in the Λ!" rest frame

The proton quantization axis is the 
direction of the proton in the Δ""
or Λ rest frame.
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Λ$% → 𝑝 𝐾& 𝜋%

Spin projection axis
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Spin axis matching methods:
1. Add a rotation to each chain [soon in my thesis]

The Wigner rotation contains an extra “	𝟐𝛑 factor" to compensate for the fact that a 2𝜋 rotation does not 
leave the system invariant. This is due to the  two-to-one homomorphism SU(2)à SO(3)



Λ$% → 𝑝 𝐾& 𝜋%

Spin projection axis
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Spin axis matching methods:
1. Add a rotation to each chain [soon in my thesis]

2. Factorize [MM et al.(JPAC), arXiv:1910.04566] 

3. Match the spin using canonical spin states (see Daniele Marangotto talk): [Adv.High Energy Phys. 
2020 (2020), 6674595]

Plane orientation : containing
polarization effects

Dalitz plot function : depends only on
pair of invariant masses

Polarization responsible for 
the relative orientation of 

these two planes

https://arxiv.org/abs/1910.04566
https://arxiv.org/abs/1911.10025v4


Spin projection axis
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• Need: Wigner rotation to align the proton projection axis.

• The wigner rotation contains a “	𝟐𝛑 factor" to compensate for the fact that a 2𝜋 rotation leave not the system  
invariant. This is due to the  two-to-one homomorphism SU(2)à SO(3)
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Benchmark tests
Tests used to check the amplitude formalism and asses the necessity of the wigner rotations and 2𝜋 factor

1. Linearity: if only one chain is included, the angular distribution MUST BE linear:

Example for the Λ∗ chain:

where

Decomposition in the LS-basis

Non zero assymmetry parameter à need both parity
violating(PV) and parity conserving (PC) amplitudes
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Benchmark tests
1. If 𝑃 = 0 , the angular dependance drops
2. If parity conservation enforced for the Λ$% decay, 𝛼(%& = 0

Example : Δ<< chain angles

angular distributions 
should be flat
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Benchmark tests

Test used to assess the need of the azimuthal part of the Wigner rotation, 
Without Wigner rotation and 2𝜋 condition the angular distributions are not flat

Example : Δ%% chain angles, without incuding the 2𝜋 condition 



• This formalism and the Dalitz plot decomposition proposed in MM et al.(JPAC), arXiv:1910.04566 have 
been compared numerically and proven to be equivalent.

Additional test: comparison with DPD formalism
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• Also compatible with the covariant formalism 

https://arxiv.org/abs/1910.04566


• The choice of the model give the largest systematic on the 
polarization measurement

• Need to assess which resonances contributes to the amplitude, by 
eye it is impossible to decide

• The choice of the model give the largest systematique on the 
polarization measurement

• Need to assess which resonances contributes to the amplitude, by 
eye it is impossible to decide

• Look at 2D 𝜒)/𝑛𝑑𝑓 , fit fractions

Amplitude analysis: the model choice

PDG 2020
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Polarization included via spin density matrix, for spin ½ :

https://pdg.lbl.gov/2021/reviews/rpp2020-rev-lambda-sigma-resonances.pdf


Focus of the talk

1. The amplitude description
2. Production polarization
3. New physics searches



Production polarization: experimental status
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First measurements in 90’s for strange baryons: strange baryons produced using unpolarized beams found polarized

1. 1976: 300 GeV protons on Be target FERMILAB-PUB-76-157-E : polarization up to 28%

2. 1978: 400 GeV proton beam on Be target FERMILAB-PUB-78-145-E:  polarization up to 24% and
most importantly. 𝜦𝟎 polarisztion found to be zero

1976

1978

1993

1990

Mechanism at the origin of baryons polarization not understood, need new measurements

And new theoretical inputs

Features that seem to emerge:

Ø Increasing polarization with 𝑝&, with a plateau at 
high 𝑝& which depends on the energy

Ø A (not well-defined) target dependence
Ø Different polarization between hyperon and anti-

hyperon.

ØExplain origin of polarization:
Λ need a strange quark from the sea
Strange  quark polarized (for some 𝑝()
àPredicting unpolarized anti-baryons. However, a non-zero
polarization was measured later on for Ξ$ PhysRevD.33.3172 .

J.Lach FNAL/C-92/378; CONF-9209299-1): 

https://inspirehep.net/files/0039d31f2b126ed540695b9fd6cb167a
https://inspirehep.net/literature/6705
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.33.3172
https://www.osti.gov/biblio/10125539


Production mechanism:
1. Strong interactions: 𝑝𝑝 → 𝐵𝑎𝑟𝑦𝑜𝑛𝑠 + 𝑋

Polarization matrix (for spin ½ baryons ) :

Production polarization 
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Parity conservation implies: 𝜌*,*) = 𝜌&*,&*)

i.e. 𝑃, = 𝑃- = 0
The polarization matrix is diagonal

Ø Polarization perpendicular to the production plane for strong production (along D𝑛)



Polarization of beauty baryons: Λ!
" at LHCb

Ø Kinematics of Λ'( → J/ψ → µ"µ# Λ : 5 decay angles, one unit vector

A𝑛 = �⃗�)*+,×�⃗�-!/|�⃗�)*+,×�⃗�-! | in pp c.o.m. frame

Ø Angular distribution 

Angular term à polarisation accessible 
via J.. and J/0

Angular functions

Ø Measurement of beauty baryon polarization: using 𝜦𝒃𝟎 → 𝐉/𝛙𝚲 at 7,8 and 13 TeV with the LHCb detector. 
Result: P is compatible with zero

JHEP 2006 (2020) 110
LHCB-PAPER-2012-057 

http://dx.doi.org/10.1007/JHEP06(2020)110
http://arxiv.org/abs/arXiv:1302.5578


Polarization of beauty baryons: Λ!
" at LHCb

19

1. The Λ'( production polarisation is consistent with zero, with 68% credibility level intervals of [−0.06,0.05], 
[−0.04,0.05] and [−0.01,0.07] at √s of 7, 8 and 13TeV

2. α' = −0.022, 68% interval [−0.048,0.005]
3. Measurement uses the new BES III value for α-

JHEP 2006 (2020) 110

http://dx.doi.org/10.1007/JHEP06(2020)110


Hyperon polarisation, ATLAS
Ø 2014 by ATLAS

Ø In the absence of any new polarization producing mechanism that would 
manifest itself at low 𝑥1 and high center-of-mass energies, the measured 
polarization is expected to be consistent with zero 

Phys. Rev. D 91, 032004 (2015)

Ø Good extrapolation from beam-line experiment
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𝑥1 =
𝑃2

𝑃)*+,

https://arxiv.org/abs/1412.1692


Production mechanism:
2. Weak interactions: for instance 𝑝𝑝 → Λ0 → 𝐵 𝑙𝜈 + 𝑋. 

𝑊-boson involved

ØDifferent projection axis
ØThe known V-A current is involved
ØPrediction from HQET available [PRD49, 2363 (1994)]: 

• 𝛼-!→-"#(5→6 5$) = −0.77(𝐻𝑄𝐸𝑇)
• 𝛼-!→-"#(5→6 5$) = −0.81 𝐹𝑄𝐷

Polarized production expected

Production polarization
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p pΛ!

Λ"

Λ!
𝜋#

𝑝 𝐾$𝜋#

𝑝
𝐾$ 𝑙

𝑣

https://inspirehep.net/literature/358888
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MDM is a fundamental property of particles with spin:

• For elementary particles, classical prediction 𝑔 = 2. Quantum corrections can modify this values.  
• If g ≠ 2 indication of a composite structure (àNew Physics)

• Measured using spin precession in a magnetic field.
• Method successufully used for leptons MDM :

1. Muon, g-2 exprimentà4.2 𝜎 tension with the SM  Phys. Rev. Lett. 126, 141801

2. Tau: short lifetime (87 µm), no direct measurements

Magnetic dipole moments (MDM)
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𝝁 = 𝒈
𝟐
𝒒
𝒎 𝑺 where 𝑔 is the gyromagnetic factor

The measurement of Λ$% polarization at LHCb is a necessary input for a long-term project aiming at 
measuring the magnetic dipole moment of charmed baryons

𝑩

𝑺

Spin precession

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801


Magnetic dipole moments (MDM)
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Baryons MDM: 

• Proton and neutron measured, results in agreement with quark model prediction:

• Short lived baryons is harder à requires a strong magnetic field to precess before the decay 
→ need for a new technique

MDM measurement using bent crystals: 
• Conventional methods: maximum 45 T
• Use strong effective magnetic field produced beween crystal planes. 

• Done in 1990 for Σ" and promising for charmed baryons FERMILAB-THESIS-1992-40

Θ` ≈ 𝛾
𝑔
2
− 1 Θ

Need initial (𝜉1 ) and final (𝜉2 ) 𝚲𝒄% polarization

Λ!# precession in a crystal

(a) Science. 358 (6366): 1081–1084.

(b) Phys. Rev. D. 86 (1): 010001.

𝝁𝒏= − 𝟐
𝟑
𝝁𝒑

LHCb-INT-2017-011
JHEP 08 (2017)

EPJC-C (80) (2019)
EPJC 77 (2017)

JHEP 1708:120 (2017)
EPJC 77 (2017) 828

EPJ.C 80 (2020) 10, 929
arxiv:2010:11902

𝒄𝝉

Σ+ 2.4 cm

𝚲𝒄+ 𝟔𝟎 𝝁𝒎

https://www.osti.gov/biblio/1425850-measurement-magnetic-moment-sigma-using-channeling-bent-crystals
https://doi.org/10.1126%2Fscience.aan0207
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.010001
https://cds.cern.ch/record/2265593?ln=fr
https://arxiv.org/abs/1705.03382
https://arxiv.org/abs/1909.04654
https://link.springer.com/article/10.1140/epjc/s10052-017-4679-y
https://inspirehep.net/literature/1598632
https://epjc.epj.org/articles/epjc/abs/2017/12/10052_2017_Article_5400/10052_2017_Article_5400.html
https://inspirehep.net/literature/1740674
https://arxiv.org/abs/2010.11902


Prediction for 𝚲𝒄% MDM: suffers from uncertanty on the charm quark mass
• Quark model: 𝜇-"# = 𝜇!
• Inserting the constituent quark mass: 
• All predictions: [0.34 – 0.43]𝜇<

• Prediction using radiative charmonium decays (using BES III experimental data) without any charm 
quark mass uncertainty 

Magnetic dipole moments (MDM): baryons
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𝒄𝝉 Comments 𝑔 – factor – exp.

𝑝 Quark model description 

𝜇' = − (
)
𝜇* satisfied

+ 5.585 694 702 (17)

𝑛 – 3.826 085 45 (90)

Σ# 2.4 cm Measured using bent crystals + 6.1 12 +,-, 10 +.+,

𝚲𝒄# 𝟔𝟎 𝝁𝒎 Not measured

Eur. Phys. J. C 80, 358 (2020)

• FERMILAB-THESIS-1992-40

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7891-0
https://www.osti.gov/biblio/1425850-measurement-magnetic-moment-sigma-using-channeling-bent-crystals


1. Amplitude analysis can be cumbersome and very model/person dependent 
(reproducibility can be an issue)

2. Baryon’s polarisation has been studied starting from the first puzzling results on hyperon polarisation
3. Polarisation used to discriminate within different theoretical predictions 
4. Since the 90’s progress have been made: 

ànew precise measurements requiring more sophisticated models
5. Recent and (close) future experiments can perform precise measurements on baryons (and not only) 

polarisation and asymmetry parameters with complex multi-dimensional analyses
6. Physics beyond the standard model: MDM

Conclusions
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More measurements in the future
1. ee colliders: Belle II
2. pp colliders: LHC upgraded experiments
3. Fixed-target samples at LHCb, SMOG2
4. Study other baryons polarisation: Ξ$, Ω0, Σ0, Σ$, …



Back Up
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Helicity formalism : amplitude for Λ#$ → 𝑝 𝐾%𝜋$

06/09/2021 Elisabeth Niel 28

What happens when we sum up different chains? We pass through different paths. 

We need to sum over the final state helicities (only proton is non zero), but the definition of the helicity changes 
depending on the path used to reach the helicity frame (of the proton).

From Λ!" → 𝑅𝑒𝑠 ℎ𝑒𝑙𝑖𝑐𝑖𝑡𝑦 𝑓𝑟𝑎𝑚𝑒 then from 𝑅𝑒𝑠 → 𝑝𝑟𝑜𝑡𝑜𝑛 ℎ𝑒𝑙𝑖𝑐𝑖𝑡𝑦 𝑓𝑟𝑎𝑚𝑒

2 non collinear boost give rise to a Wigner rotation: 
need to rotate around y axis of beta angles

(𝑥, 𝑧) plane

@ 𝑝/ rest
reached from 𝐾∗

boost from 𝑝!!" = 0
along 𝑝" ∥ 𝑧è
𝑝!!"
# ∥ −𝑧

𝑧

𝑥

𝑝12 = Λ!#

𝑝(2 = 𝐾$

𝑝)2= 𝜋#

𝛽-

𝛽=

@ 𝑝/ rest
reached from Λ

boost from 𝑝$ along 
Λ∗

è 𝑝&# ∥ −𝑧

𝑧

𝑥

𝑝(2 = 𝐾$

𝑝)2= 𝜋#

𝛽-

𝑝12 = Λ!#

𝛬'( → 𝑝 𝐾)𝜋( non resonant

Λ'( → (𝐾∗→ 𝐾)𝜋() 𝑝 𝐾∗ chain

Λ'( → (Δ((→ 𝑝𝜋() 𝐾) Δ chain

Λ'( → (Λ → 𝑝𝐾)) 𝜋( Λ chain

Boost along z direction:

𝑦

𝐾$

𝑧

𝑥

𝑝

𝜋"

@Λ!#



Helicity formalism : Wigner rotation, azimuthal part
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Need also an extra phase for the K* channel

𝑝

𝜋+

𝑝

𝐾−

𝜋+

𝑦

𝑥

𝜑23

𝐾−

𝜋+ 𝑝𝐾−

𝜋+

Λ𝑐+ → (𝐾∗→ 𝐾−𝜋+) p 

Λ𝑐+ → (Λ∗ → 𝑝𝐾−) 𝜋+

𝐾−

𝑥

𝑦

𝐾−

𝑅−1(𝜃𝑟𝑒𝑠′ , 𝜑𝑟𝑒𝑠′ , 0)

𝑅−1(𝜃𝑟𝑒𝑠′ , 𝜑′𝑟𝑒𝑠, 0)

Boost to p rest frame: x,y
component don’t change 
since the boost is along z

𝐷𝜆Λ,𝜆𝑝
𝑠∗ (𝜙′, 𝜃′, 0) * 𝐷𝑚,𝜆Λ

1
2∗ (𝜙, 𝜃, 0)

𝑝

𝐾−

(𝑦, 𝑥) plane

@𝐾∗ 𝑟𝑒𝑠𝑡

@ Λ∗ 𝑟𝑒𝑠𝑡



MDM predictions
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Reference for MDM predicitons
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