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Motivation

➢ In heavy-ion collisions, system evolves 

through various phases

➢ In non-central collisions:

o A highly vortical system with orbital angular 

momentum (𝐿), 𝜔∗ ∼ 1022s−1

o Charged spectator motion produces magnetic

field (𝐵) ∼ 1015T

*ω: rotational speed (rotations/sec)

Spectators

Participants

F. Becattini et al., Phys. Rev. C 95 (2017) 054902

F. Becattini et al., Phys. Rev. C 95 (2017) 054902

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.95.054902


Mingze.li@cern.ch | CCNU | HP 2024 3/18

➢ In heavy-ion collisions, system evolves 

through various phases

➢ In non-central collisions:

o A highly vortical system with orbital angular 

momentum (𝐿), 𝜔 ∼ 1022s−1

❑ Strong 𝑏∗ dependence

❑ Affects system’s evolution/hadronization 

process

Very large orbital 

angular momentum

𝜔 ∼ 1022s−1

Can preferentially align a 

particle’s spin projection 

along the spin quantization 

axis through spin-orbit 

coupling 

“Simplified” spacetime evolution of heavy-ion collisions 

Becattini et al., PRC 77 (2008) 024906

Becattini et al., PRC 77 (2008) 024906 

*𝑏: impact parameter

Motivation

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.77.024906
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“Simplified” spacetime evolution of heavy-ion collisions 

➢ In heavy-ion collisions, system evolves 

through various phases

Huge magnetic 

field ∼ 1015T

Das et al. PLB 768 (2017) 260

Das et al. PLB 768 (2017) 260 

➢ In non-central collisions:

o Charged spectator motion produces magnetic

field (𝐵) ∼ 1015T
❑ Decreases over time

❑ Lifetime increases from mid to forward 

rapidity

P. Christakoglou EPJC 81, 717 (2021)

P. Christakoglou EPJC 81, 717 (2021) 

Very large orbital 

angular momentum

𝜔 ∼ 1022s−1

Motivation

https://www.nature.com/articles/nature23004
https://link.springer.com/article/10.1140/epjc/s10052-021-09498-7
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Huge magnetic 

field ∼ 1015T

“Simplified” spacetime evolution of heavy-ion collisions 

Greco et al, Phys.Lett.B 768 (2017), 260-264

Greco et al, Phys.Lett.B 768 (2017), 260-264

➢ Charm quarks produced in early stages 

𝐭 ∼ 𝟏/𝒎𝐪 ∼ 𝟎. 𝟏𝐟𝐦/𝒄

Polarized 𝑐 and 𝑏

Polarized vector meson

J/𝛹, D∗+ ⋯

Hadronization

Charm (𝑐) and 

beauty (𝑏) production

More sensitive to the high 

intensity of the EM fields 

compared to light quarks

Very large orbital 

angular momentum 

𝜔 ∼ 1022s−1

Motivation

https://www.sciencedirect.com/science/article/pii/S0370269317301594?via%3Dihub
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Polarization measurements

𝜃∗: Angle between decay 

products and a chosen 

direction in the vector 

meson rest frame

➢ Quantization axis

Orthogonal to event plane (Heavy-ion): 

Direction of 𝐋 and 𝐁 fields

Helicity (pp): 

Direction of vector meson momentum

Production (pp): 

Direction perpendicular to vector 

meson momentum and beam axis

𝑑𝑁

𝑑cos𝜃∗ = 𝑁0[ 1 − 𝜌00 + 3𝜌00 − 1 cos2𝜃∗]

Angular distribution of decay products
➢ Hadrons’ spin alignment measurements rely on 

spin density matrix element (𝜌00)

o 𝜌00 = ⅓ → No spin alignment

o 𝜌00 ≠ ⅓ → Spin alignment observed
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𝜌00 =
1 + 𝛽 ⋅ 𝑃ത𝑞

2

3 − 𝛽 ⋅ 𝑃ത𝑞
2 > 1/3

➢ Vector meson spin alignment governed 

by two mechanisms: 

*>⅓ q=0, < ⅓ q ≠ 0
𝑃𝑞: Polarization of quark

𝛽: Correlation between constituent 

quark and antiquark

Quark recombination Quark fragmentation

Low 𝑝T High 𝑝T𝒑𝐓(𝐆𝐞𝐕/𝒄)

Liang et al, Physics Letters B 629 (2005) 20–26

Liang et al, Physics Letters B 629 (2005) 20–26

Wang et al, Phys. Rev. C 97, 034917

Wang et al, Phys. Rev. C 97, 034917

𝜌00 =
1 − 𝑃𝑞 ⋅ 𝑃ത𝑞

3 + 𝑃𝑞 ⋅ 𝑃ത𝑞
=

≶1/3∗ ⇒B

<1/3∗ ⇒L

Polarization measurements

𝑑𝑁

𝑑cos𝜃∗ = 𝑁0[ 1 − 𝜌00 + 3𝜌00 − 1 cos2𝜃∗]

Angular distribution of decay products
➢ Hadrons’ spin alignment measurements rely on 

spin density matrix element (𝜌00)

o 𝜌00 = ⅓ → No spin alignment

o 𝜌00 ≠ ⅓ → Spin alignment observed

https://www.sciencedirect.com/science/article/abs/pii/S0370269305013973?via%3Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.97.034917
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ALICE Collaboration, JINST (2008) S08002

ALICE Collaboration, JINST (2008) S08002

ALICE: LHC Run 3

Central barrel detectors 

𝜼 < 𝟎. 𝟗

1)  ITS 

➢ Tracking 

➢ Primary and 

secondary

vertex reconstruction

2) TPC

➢ Vertexing

➢ Tracking 

➢ Particle identification

3)  TOF

➢ Particle identification

Excellent tracking and 

PID capabilities down to 

very low momentum 

➢ Run 2 Pb–Pb at 𝑠 = 5.02 TeV,

❑ 0-10% 𝐿int~100 mub−1

❑ 30-50% 𝐿int ∼ 85 mub−1

➢ Run 2 pp at 𝑠 = 13 TeV
❑ MB 𝐿int~36 nb−1

❑ HM 𝐿int~6 pb−1

➢ Run 3 pp at 𝑠 = 13.6 TeV
❑ MB 𝐿int~10 pb−1

D∗+ → D0 + 𝜋+ → K− + 𝜋+ + 𝜋+

(+charge conjugate)

ALICE detector

D∗+

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08002
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D∗+ yield extraction

For D∗+ analysis in pp and Pb–Pb collisions, Boosted Decision Trees (BDT) are used to 

➢ Reduce the combinatorial background

➢ Separate prompt and non-prompt D∗+ components

Pb–Pb

Pb–PbPb–Pb
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𝜌00 extraction

For D∗+ analysis in pp and Pb–Pb collisions

➢ 𝜌00 extraction for prompt and non-prompt D∗+ in different 𝑝T intervals

Prompt D∗+ Prompt D∗+

Pb–PbPb–Pb
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D∗+ spin alignment in Pb–Pb collision

Extracted 𝜌00 parameter for prompt 𝐃∗+

➢ In less central rapidity regions 0.3 < 𝑦 < 0.8

❑ Central collisions (0-10%): 

Consistent with 𝜌00= ⅓

❑ Non-central collisions (30-50%): 

Evidence of 𝜌00 larger than ⅓ at high 𝑝T

⇒ Hadronization by quark fragmentation

First measurement of D∗+ spin alignment with respect to the reaction plane in Pb–Pb collisions
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First measurement of D∗+ spin alignment with respect to the reaction plane in Pb–Pb collisions

Extracted 𝜌00 parameter for prompt 𝐃∗+

➢ In large 𝑝T interval 15 < 𝑝T < 30 GeV/𝑐 and non-

central collisions (30-50%): 

❑ No significant deviation at midrapidity from 𝜌00= ⅓

❑ Evidence of 𝜌00 larger than ⅓ at larger rapidity

⇒ B decreases slower in time at larger rapidity

⇒ Very early produced c quark (large

momentum) are affected more by B fields 

⇒ Spin-dependent fragmentation functions   

for charm

D∗+ spin alignment in Pb–Pb collision
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Spin alignment: Prompt D∗+ vs inclusive J/𝜓

Prompt D∗+

Incl. J/𝜓

𝜌00 for prompt D∗+ is compared with the inclusive J/𝜓

measurements

❑ Results are compatible within the uncertainties in 

overlapping 𝑝T region

❑ Significantly small 𝜌00 at 𝑝T< 5 GeV/c

⇒ J/𝜓 dominantly produced by recombination

❑ At high 𝑝T the fragmentation of heavy quarks 

polarized by the magnetic field translates to 𝜌00 > ⅓?

⇒ Need to constrain charmonium production 

mechanisms in hadronic collisions
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First measurement of D∗+ spin alignment in pp collisions

(During LHC Run 2 , 𝑠 = 13 TeV)

➢ 𝑝T up to 20 GeV/𝑐 for prompt and non-prompt D∗+

Larger data taking rates during LHC Run 3 ( 𝑠 = 13.6 TeV)

(500 kHz in pp and 50 kHz in Pb–Pb)

➢ Larger data samples for more accurate results

➢ 𝑝T increased from maximum 20 up to 100 GeV/𝑐

➢ Reference for measurements in Pb–Pb collisions

New ALICE preliminary results

ALICE, Phys. Lett. B 846 (2023) 137920

ALICE, Phys. Lett. B 846 (2023) 137920

D∗+ spin alignment in pp collision

https://www.sciencedirect.com/science/article/pii/S037026932300254X?via%3Dihub


           
     

 

 

 

 

 

  

 
   

  
  

  
  

 
 

 
  

 
 

 

                 

                                  

             

                
  

 

              

                

                      
 

      

           
     

 

 

 

 

 

 

 

 
   

  
  

  
  

 
 

 
  

 
 

 

                                   

             

                
  

 

              

           
     

 

 

 

 

 

  

 
   

  
  

  
  

 
 

 
  

 
 

 

                                  

             

                
  

 

                

           
     

 

 

 

 

 

 

 
   

  
  

  
  

 
 

 
  

 
 

 

                                   

             

                
  

 

                

           
     

 

 

 

 

 

  

 
   

  
  

  
  

 
 

 
  

 
 

 

                 

                                  

             

                
  

 

              

                

                      
 

      

           
     

 

 

 

 

 

 

 

 
   

  
  

  
  

 
 

 
  

 
 

 

                                   

             

                
  

 

              

           
     

 

 

 

 

 

  

 
   

  
  

  
  

 
 

 
  

 
 

 

                                  

             

                
  

 

                

           
     

 

 

 

 

 

 

 
   

  
  

  
  

 
 

 
  

 
 

 

                                   

             

                
  

 

                

Mingze.li@cern.ch | CCNU | HP 2024 15/18

Measurement of D∗+ spin alignment in pp collisions with respect to

➢ Helicity: Direction of vector meson momentum

➢ Production: Direction perpendicular to vector meson momentum and beam axis

𝜌00 extraction in pp collision

𝒅𝑵

𝒅𝐜𝐨𝐬𝜽∗
= 𝑵𝟎[ 𝟏 − 𝝆𝟎𝟎 + 𝟑𝝆𝟎𝟎 − 𝟏 𝐜𝐨𝐬𝟐𝜽∗]

Fit function: 

Prompt D∗+ Non-prompt D∗+ Non-prompt D∗+

New! New!

New!
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Measurement of D∗+ spin alignment in pp collisions with respect to

➢ Helicity: Direction of vector meson momentum

➢ Production: Direction perpendicular to vector meson momentum and beam axis

Fit function: 

𝝆𝟎𝟎 = 𝒇𝒑𝒓𝒐𝒎𝒑𝒕 ⋅ 𝝆𝟎𝟎
𝒑𝒓𝒐𝒎𝒑𝒕

+ 𝒇𝒏𝒐𝒏−𝒑𝒓𝒐𝒎𝒑𝒕 ⋅ 𝝆𝒐𝒐
𝒏𝒐𝒏−𝒑𝒓𝒐𝒎𝒑𝒕

𝜌00 extraction in pp collision

New!

New!
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Measurement of D∗+ spin alignment in pp collisions

Extracted 𝜌00 parameter for 

➢ Prompt 𝐃∗+

⇒ No significant deviation from 𝜌00= ⅓ 

➢ Non-prompt 𝐃∗+

⇒ 𝜌00 larger than ⅓ for helicity frame

Helicity conservation 

⇒ 𝜌00 less than ⅓ at production frame

i. Measurement in agreement with prediction of 

PYTHIA 8.3+EVTGEN

ii. Reference for measurements in Pb–Pb collisions

D∗+ spin alignment in pp collision

New!

New!

PYTHIA 8.3: SciPost Phys.Codeb. 2022 (2022), 8

PYTHIA 8.3: SciPost Phys.Codeb. 2022 (2022), 8
EVTGEN: EPJ Web Conf. 295 (2024), 03012

EVTGEN: EPJ Web Conf. 295 (2024), 03012

https://inspirehep.net/literature/2056998
https://evtgen.hepforge.org/licence.html
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Summary
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➢ pp collisions:

❑ light flavors, prompt D∗+ and J/𝜓 are compatible with zero polarization

➢ Pb–Pb collisions: 

❑ 𝜌00 < ⅓ for light flavors, J/𝜓 at low 𝑝T ⇒ recombination scenario

❑ 𝜌00 > ⅓ for prompt D∗+ at high 𝑝T & forward rapidity ⇒ quark fragmentation scenario

➢ Theoretical predictions are required for conclusive remarks

ALICE, PLB 846 (2023) 137920

ALICE, PLB 846 (2023) 137920 ALICE Preliminary

ALICE, EPJ. C 78 (2018) 562

ALICE, EPJ. C 78 (2018) 562

ALICE, PRL. 131, 042303

ALICE, PRL. 131, 042303

D∗+

J/𝛹

K∗0
ALICE, EPJ 171, 16008

ALICE, EPJ 171, 16008

ALICE, PRL. 125 (2020) 012301

ALICE, PRL. 125 (2020) 012301

pp Pb–Pb

https://www.sciencedirect.com/science/article/pii/S037026932300254X?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.042303
https://www.epj-conferences.org/articles/epjconf/pdf/2018/06/epjconf_sqm2018_16008.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.012301
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Theory expectation for 𝜌00

Physics process and 

theory expectation
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A comparison of relative uncertainties 

on raw yields of D∗+

Run 3 performance for D∗+
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D∗+ extraction

D∗+ extraction in pp 

collision at 𝑠 = 13.6 TeV

New!New!

New!New!

Prompt D∗+ Non-prompt D∗+
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Spin dependent FF for light vector meson
Chen et al, Phys. Rev. D 102, 034001

Chen et al, Phys. Rev. D 102, 034001

Spin alignments of vector mesons in pp 

collisions at the LHC energy 𝑠 = 5.02 TeV
for 𝐾∗0 and 𝜌0 in two rapidity regions as 

functions of 𝑝T.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.034001
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Measurement of D∗+ spin alignment in pp collisions

Extracted 𝜌00 parameter for 

➢ Prompt 𝐃∗+

⇒ No significant deviation from 𝜌00= ⅓ 

➢ Non-prompt 𝐃∗+

⇒ 𝜌00 larger than ⅓ at helicity frame

Helicity conservation 

⇒ 𝜌00 less than ⅓ at production frame

pp collision: Results are compatible within 

the uncertainties in the overlapping 𝑝T region

CMS Collaboration

CMS Collaboration 

ALICE Preliminary

ALICE, Eur. Phys. J. C 78 (2018) 562

ALICE, Eur. Phys. J. C 78 (2018) 562

D∗+ spin alignment in pp collision

New!

i. Measurement in agreement with prediction of 

PYTHIA 8+EVTGEN

ii. Reference for measurements in Pb–Pb collisions

https://arxiv.org/abs/2406.14409
https://link.springer.com/article/10.1140/epjc/s10052-018-6027-2
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ALICE, Phys. Lett. B 846 (2023) 137920

ALICE, Phys. Lett. B 846 (2023) 137920First measurement of D∗+ spin alignment in pp collisions

(During LHC Run 2, 𝑠 = 13 TeV)

➢ 𝑝T up to 20 Gev/𝑐 for prompt and non-prompt D∗+

➢ Prompt D∗+ no evidence of polarization

➢ Non-prompt D∗+ 𝜌00 > ⅓

Due to the helicity conservation

B S = 0 → D∗+ S = 1 + X

D∗+ spin alignment in pp collision

https://www.sciencedirect.com/science/article/pii/S037026932300254X?via%3Dihub
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First measurement of D∗+ spin alignment in pp collisions

(During LHC Run 2, 𝑠 = 13 TeV)

➢ 𝑝T up to 20 Gev/𝑐 for prompt and non-prompt D∗+

➢ Prompt D∗+ no evidence of polarization

➢ Non-prompt D∗+ 𝜌00 > ⅓

Need to reach 

higher 𝑝T region!

Polarization from 

spin-dependent 

fragmentation 

functions?

Chen et al, Phys. Rev. D 102, 034001

Chen et al, Phys. Rev. D 102, 034001

ALICE, Phys. Lett. B 846 (2023) 137920

ALICE, Phys. Lett. B 846 (2023) 137920

D∗+ spin alignment in pp collision

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.034001
https://www.sciencedirect.com/science/article/pii/S037026932300254X?via%3Dihub
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