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Spin-Rotation Coupling(SRC)
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HSRC = − S ⋅ Ω

Ω

S

Ω

Q. SRC is valid for any spin? for any composite particle? 

 =>  Spin decomposition of
• Spin-1 quarkonium

• Spin-1/2 proton (on-going)



Vector meson spin alignment
  In non-central HICs,
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Large�vorticity�&�Strong�B�fieldinitial�angular�momentum

STAR,�arXiv:2204.02302�(2022)
ALICE,�arXiv:2204.10171�(2022)

ϕ

J/ψK*0

   => Detailed mechanism is complex and still not clearly understood.



G.R. based derivations for SRC
• Spin-1/2: Dirac eq. in a rotating frame using G.R. 

       where  

                         =>   for spin-1/2

• Spin-1: No strict derivation based on G.R. until recently

• PRD102(2020)12,125028 - J.Kapusta, E.Rrapaj, S.Rudaz  
- Proca eq. for massive spin-1 particle using G.R. 

-  for spin-1! 

- contradictory to naive expectation and quark model

• Motivation

  => Clarify the strength of SRC for spin-1 particle in a different way!

[i∂x + gA(x) + Σ ⋅ Ω − m] Ψ(x) = 0 Σ = γ0(S + L)
HSRC = − S ⋅ Ω

HSRC = − 1
2 S ⋅ Ω
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• We study SRC of (the simplest) spin-1 heavy  system

• Introduce a free parameter “ ” which indicates the strength of SRC, 

• “Total SRC = All reaction of quark + gluon in a rot frame”

• We prove that   for spin-1  system

• Each component of  carried by quarks and gluons = Spin content

• We study spin contents of ,  for V and ,  for AV

QQ̄
gΩ

gΩ = gquark
Ω (Q2) + ggluon

Ω (Q2) = 1 QQ̄

gΩ
J/ψ Υ(1S) χc1 χb1

Outline
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HSRC = − gΩ S ⋅ Ω

Ω Ω

=hadron



How to extract ?gΩ
1. Describe the correlation function in a rotating frame  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Πμν(q) = i∫ d4xeiqx⟨0 |T{jμ(x)jν(0)} |0⟩



How to extract ?gΩ
1. Describe the correlation function in a rotating frame  

 

2. Pick out a right circularly polarized state => Π+(ω) = ϵ+
μ ϵ+*

ν Πμν(ω,0)
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Πμν(q) = i∫ d4xeiqx⟨0 |T{jμ(x)jν(0)} |0⟩
ϵ+

μ = (0,1,i,0)/ 2

|11⟩ = |
1
2

1
2 ⟩ + |

1
2

1
2 ⟩

Q̄QQQ̄ = +
|10⟩ = |

1
2

1
2 ⟩ + |

1
2 − 1

2 ⟩

|1 − 1⟩ = |
1
2 − 1

2 ⟩ + |
1
2 − 1

2 ⟩

Energy�of� �will�be�shifted�by�‘ ’��i.e.�|11⟩ −Ω ω → ω − Ω



How to extract ?gΩ
1. Describe the correlation function in a rotating frame  

 

2. Pick out a right circularly polarized state => 

3. Put the system at the center of the rotation => 

Π+(ω) = ϵ+
μ ϵ+*

ν Πμν(ω,0)

qμ = (ω, 0⃗)
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Πμν(q) = i∫ d4xeiqx⟨0 |T{jμ(x)jν(0)} |0⟩
ϵ+

μ = (0,1,i,0)/ 2

•No�external�OAM�
•Expand� �linear�termΩ

ds2 = gμνxμxν = − dt2 + dr′ 
2 = (−1 + (Ω × r)2)dt2 + 2(Ω × r)drdt + dr2



How to extract ?gΩ
1. Describe the correlation function in a rotating frame  

 

2. Pick out a right circularly polarized state => 

3. Put the system at the center of the rotation => 

4. Up to linear terms in  
 
 
 
 
  

Π+(ω) = ϵ+
μ ϵ+*

ν Πμν(ω,0)

qμ = (ω, 0⃗)

Ω

9

Πμν(q) = i∫ d4xeiqx⟨0 |T{jμ(x)jν(0)} |0⟩
ϵ+

μ = (0,1,i,0)/ 2

Π+(ω) = ω2 Πvac(ω2) + ω Πrot(ω2) Ω + 𝒪(Ω2)
 : ordinary vacuum invariant ftn. vacuum properties ex) mass 
 : new function appearing in a rotating frame. spin information

Πvac

Πrot



How to extract ?gΩ
1. Describe the correlation function in a rotating frame  

 

2. Pick out a right circularly polarized state => 

3. Put the system at the center of the rotation => 

4. Up to linear terms in  
 
 

5. Extract  by comparing two different descriptions of  
 
  

Π+(ω) = ϵ+
μ ϵ+*

ν Πμν(ω,0)

qμ = (ω, 0⃗)

Ω

gΩ Πrot
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Πμν(q) = i∫ d4xeiqx⟨0 |T{jμ(x)jν(0)} |0⟩
ϵ+

μ = (0,1,i,0)/ 2

Π+(ω) = ω2 Πvac(ω2) + ω Πrot(ω2) Ω + 𝒪(Ω2)
 : ordinary vacuum invariant ftn. vacuum properties ex) mass 
 : new function appearing in a rotating frame. spin information

Πvac

Πrot

 (a) Directly compute Feynman diagrams in a rotating frame  
 (b) Phenomenological derivation from Πvac



Feynman	diagrams	in	Operator	Product	Expansion(OPE)	
• Leading perturbative diagram  

 
 
 

• Leading non-perturbative diagrams : Gluon condensates ⟨(αs/π)G2⟩

Method (a) - direct computation in a rotating frame
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free�quark��
propagator

background��
gluon�field

• Compute in an inertial frame   independent terms  

• Compute in a rotating frame  collect  linear terms  

→ Ω → Πvac

→ Ω → Πrot



Quarks in a rotating frame
• Recall Dirac eq. in a rotating frame  
 

• Quark propagator in a rotating frame  
 
       
 
 
 
 

Sfull ≈ S(0) + S(0)[gA + Σ ⋅ Ω]S(0) + S(0)[gA + Σ ⋅ Ω]S(0)[gA + Σ ⋅ Ω]S(0) + ⋯

<latexit sha1_base64="P3leDI8sr477g8/9azZY4xiLuQs=">AAACI3icbVDJTsMwEHXYKVuBI5eIColFqhKEgCPLhRtFUEBqqmriuKmFHUf2BKlE+Qd+gl/gCnduiAsHLnwJ7nJge5Llp/dmNDMvTAU36Hnvzsjo2PjE5NR0aWZ2bn6hvLh0aVSmKatTJZS+DsEwwRNWR46CXaeagQwFuwpvjnv+1S3ThqvkArspa0qIE97mFNBKrfJmHHQA88Ni/W5jKwiViExX2i8PznksIaCRwuBUshiKVrniVb0+3L/EH5IKGaLWKn8GkaKZZAlSAcY0fC/FZg4aORWsKAWZYSnQG4hZw9IEJDPNvH9T4a5ZJXLbStuXoNtXv3fkIE1vVVspATvmt9cT//MaGbb3mzlP0gxZQgeD2plwUbm9gNyIa0ZRdC0Bqrnd1aUd0EDRxvhjSiiLkg3F/x3BX3K5XfV3qztnO5WDo2E8U2SFrJJ14pM9ckBOSI3UCSX35JE8kWfnwXlxXp23QemIM+xZJj/gfHwB08alUA==</latexit>

gÂ(z) +⌃ ·⌦ <latexit sha1_base64="k2Gs7k2OUW9m7l7dDLDpzagj7gI=">AAACJXicbVDLSsNAFJ34tr6qLt0Ei6AoJRFRlz427qxoVWhKuZlM08GZTJi5EWrIT/gT/oJb3bsTwZXglzh9LHwdGOZwzr3ce0+YCm7Q896dkdGx8YnJqenSzOzc/EJ5cenSqExTVqdKKH0dgmGCJ6yOHAW7TjUDGQp2Fd4c9/yrW6YNV8kFdlPWlBAnvM0poJVa5a046ADmh8X6Xcvf2AxCJSLTlfbLg3MeSwhopDA4lSyGolWueFWvD/cv8YekQoaotcqfQaRoJlmCVIAxDd9LsZmDRk4FK0pBZlgK9AZi1rA0AclMM+9fVbhrVoncttL2Jej21e8dOUjTW9VWSsCO+e31xP+8Robt/WbOkzRDltDBoHYmXFRuLyI34ppRFF1LgGpud3VpBzRQtEH+mBLKomRD8X9H8Jdcblf93erO2U7l4GgYzxRZIatknfhkjxyQE1IjdULJPXkkT+TZeXBenFfnbVA64gx7lskPOB9fHAWl9A==</latexit>

gÂ(z1) +⌃ ·⌦
<latexit sha1_base64="CcawZ8vMk/ms0QJX8KVgMBS6oOk=">AAACJXicbVDLSsNAFJ34rPVVdekmWARFKYmIuvSxcWdFq0JTys1kmg7OZMLMjVBDfsKf8Bfc6t6dCK4Ev8Rp7cLXgWEO59zLvfeEqeAGPe/NGRkdG5+YLE2Vp2dm5+YrC4sXRmWasgZVQumrEAwTPGEN5CjYVaoZyFCwy/D6qO9f3jBtuErOsZeyloQ44R1OAa3UrmzGQRcwPyjWbttb6xtBqERketJ+eXDGYwkBjRQGJ5LFULQrVa/mDeD+Jf6QVMkQ9XblI4gUzSRLkAowpul7KbZy0MipYEU5yAxLgV5DzJqWJiCZaeWDqwp31SqR21HavgTdgfq9Iwdp+qvaSgnYNb+9vvif18yws9fKeZJmyBL6NaiTCReV24/IjbhmFEXPEqCa211d2gUNFG2QP6aEsijbUPzfEfwlF1s1f6e2fbpd3T8cxlMiy2SFrBGf7JJ9ckzqpEEouSMP5JE8OffOs/PivH6VjjjDniXyA877Jx25pfU=</latexit>

gÂ(z2) +⌃ ·⌦

  where  [i∂x + gA(x) + Σ ⋅ Ω − m] Ψ(x) = 0 Σ = γ0(S + L)

[i∂x + gA(x) + Σ ⋅ Ω − m] S(x) = δ(x)
- It is difficult to find full propagator
- We can expand in terms of ‘ ’ and ‘ ’g Ω
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Gluons in a rotating frame
• Covariant derivatives in curved space-time(  : Christoffel symbols) 

• Fock-Schwinger gauge( ) in curved space-time  

 
 
 

•  in a rotating frame.  

• Kapusta et al. thought that    in a rotating frame. 
(Their result might be wrong)

Γa
bc

xμAμ = 0

Γ2
01 = Ω, Γ1

02 = − Ω

DcGab = ∂cGab

DcGab = ∂cGab − Γd
caGdb − Γd

cbGad

additional�contribution�in�curved�space-time

Aμ(x) = − 1
2 xνGμν − 1

3 xνxα∂αGμν + ⋯

= − 1
2 xνGμν − 1

3 xνxαDαGμν − 1
3 xνxα(Γd

αμGdν + Γd
ανGμd) + ⋯

AΩ(x) = − 1
3 xνxαγμ(Γd

αμGdν + Γd
ανGμd) ∝ ⃗x × ( ⃗E × ⃗B ) ⋅ Ω = Jg ⋅ Ω
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Spin decomposition of method (a)

We�can�decompose�the�given�diagrams�into�quark�and�gluon�AM�

contributions�depending�on�their�origin�=>�advantage�of�method(a)

Squark ≈ S(0) + S(0)[gAΩ + Σ ⋅ Ω]S(0) + ⋯
(Sq + Lq + Jg) Ω

In�a�rot�frame,�we�can�compute� ��usingΠrot
(a)

perturbative

Πvac =

quark�spin

Πrot
(a) = +

quark�orbit

Πvac =

+
quark(spin+orbit) gluon

Πrot
(a) =

non-perturbative

14



Method (b) - Phenomenological derivation

• In an inertial frame  

• Energy shift of all right circularly polarized state in a rotating frame  
 
 
 

• Simple expression of rotating part in terms of vacuum invariant ftn. 
 
 
 
 
=> We can directly derive  from  but it includes unknown Πrot Πvac gΩ
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Π+(ω) = ϵμ*
+ ϵν

+Πμν(ω,0) = ω2 Πvac(ω2)

=> ω → ω − gΩ Ω
Π+(ω + gΩΩ) = (ω + gΩΩ)2 Πvac((ω + gΩΩ)2)

= ω2 Πvac(ω2) + ω Πrot(ω2) Ω + 𝒪(Ω2)

Πrot
(b)(ω2) = 2gΩ{Πvac(ω2) + ω2 ∂Πvac(ω2)

∂ω2 }

( ∵ HSRC = − gΩ S ⋅ Ω)

unknown



 in perturbative regiongΩ
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�in�the�perturbative�regiongΩ = 1

�
all�responses�of�quarks�in�a�rot�frame�
���=�Sq�+�Lq

phen.�derivation�based�on�the�energy��

shift�of�total�system�by�“- ”.gΩΩ

Πrot
(b) = 2gΩ{Πvac(ω2) + ω2 ∂Πvac(ω2)

∂ω2 }

Q̄Q

|11⟩ ∼ |
1
2

1
2 ⟩ + |

1
2

1
2 ⟩

J/ψ ≈ +

Hr = mJ/ψ − Ω

c.f.�Quark�Model

When�two�free�quarks�form�a�spin-1�state�in�a�rel.�way,��

they�follow� �HSRC = − S ⋅ Ω

quark�spin�+�orbit

Πrot
(a) =

description�(a) description�(b)

Πvac
pert =

Inertial�frame



 in non-perturbative regiongΩ
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�
all�responses�of�quarks�and�gluons�
��=�Sq�+�Lq�+�Jg

phen.�derivation�based�on�the�energy��

shift�of�total�system�by�“- ”.gΩΩ

Πrot
(b) = 2gΩ{Πvac(ω2) + ω2 ∂Πvac(ω2)

∂ω2 }
quark�+�gluon

Πrot
(a) =

description�(a) description�(b)

�in�the�non-perturbative�regiongΩ = 1
Even�in�non-pert�region,�spin-1�system�follows� �HSRC = − S ⋅ Ω

Πvac
G0

=
 : gluon condensateG0

Inertial�frame



Physical meaning of ?gΩ = 1
Method (b)

= SRC of the total system  
=  where  is spin-1 operator where 

Method (a)
=  linear terms in all responses of quarks and gluon in a rotating frame  

=  where  

Therefore, we can conclude that  

   -  means  

   - This should be valid for any Feynman diagram (  AM conservation)

gΩ⟨ ⃗S⟩ ⃗S

Ω
⟨ ⃗JQCD⟩ ⃗JQCD = ∫ d3x( 1

2 ψ̄ ⃗γγ5ψ + ψ†( ⃗x × (−i ⃗D))ψ + ⃗x × ( ⃗E × ⃗B ))

gΩ = ⟨ ⃗JQCD⟩/⟨ ⃗S⟩
gΩ = 1 ⟨ ⃗S⟩ = ⟨ ⃗JQCD⟩

∵
18

⟨⋯⟩ = ∫ d4xeiq⋅x⟨0 |T[ j(x)⋯j(0)] |0⟩

gΩ⟨ ⃗S⟩ = ⟨ ⃗JQCD⟩=hadron



Application -  of ground statesgΩ
From Kallen-Lehmann(or spectral) rep,

“ ” is universal for all physical states that can couple to  . 

If we can extract the ground state, 

      => Fraction of  carried by each a.m. inside the ground state 

 

=> Spin content of the ground state

gΩ = 1 jμ(x)

gΩ
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�gground
Ω =

⟨JQCD⟩
⟨Stot⟩

=
⟨Sq⟩ + ⟨Lk⟩ + ⟨Lp⟩ + ⟨Jg⟩

⟨Stot⟩
= 1

 : quark spin,  

  : kinetic part of quark orbital a.m, 
  : potential part of quark orbital a.m, 

 : gluon total a.m. 

Sq = 1
2 γ1γ2

Lk = r × p
Lp = r × gA
Jg = r × (E × B)



How to extract the ground state?
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Π(q2) = i∫ d4xeiqx⟨T{ϕ(x)ϕ(0)}⟩

ΠOPE(Q2) = ∑
n

Cn⟨𝒪n⟩ Πphen(q2) = |⟨0 |ϕ |n0⟩ |2

q2 − m2
0

+ ⋯
Q2 = − q2 ≫ 0

ΠOPE(Q2) = ∫
∞

0
ds

ImΠphen(s)
s + Q2

ImΠphen(s) ≈ ground state pole + continuum

Π̂OPE(M2) = ∫
∞

0
dse−s/M2 ImΠphen(s)

=>�spectral�parameters�are�expressed�as�a�ftn�of�Borel�mass�‘ �’�with�QCD�condensates.�

�����������But,�approximate�relation.�Reliable�only�inside�a�limited�range�of� �

M
M

<QCD�sum�rules>



QCDSR analysis: vector channel

21

Take�average�over�a�reliable�range�of�M

�

gground
Ω =

⟨JQCD⟩
⟨Stot⟩

=
⟨Sq⟩ + ⟨Lk⟩ + ⟨Lp⟩ + ⟨Jg⟩

⟨Stot⟩
= 1

Sq(88%) Lk(11%)

Lp(0.0%) Jg(1.0%)

1.0 1.2 1.4 1.6 1.8 2.0 2.2

0.0

0.2

0.4

0.6

0.8

1.0

M [GeV]

g Ω

J/ψ

Sq(92%) Lk(8.0%)

Lp(0.0%) Jg(0.0%)

3.0 3.5 4.0 4.5 5.0

0.0

0.2

0.4

0.6

0.8

1.0

M [GeV]

g Ω

Υ(1S)

as�a�ftn�of�M



spin contents of spin-1 quarkonia
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•Total�sum�of�4�pieces�=�100�%�
•Classical�picture�from�the�naive�Q.M.�
S-wave:�quark�spin(100%)�,�P-wave:�quark�spin(50%)�quark�oam(50%)�

•Spin�contents�are�slightly�different�from�the�classical�picture.�
As�the�quark�mass�becomes�lighter,�spin�contents�deviate�more�from�the�classical�picture�

ex)� �is�considered�as�S-wave�but�quarks�do�not�carry�all�of�the�total�spin�

����� �is�still�comparable�with�the�classical�picture

J/ψ
Υ(1S)

r × p

r × gA

r × (E × B)

Quark

Gluon

{spin

Υ(1S) J/ψ χb1 χc1

Sq

Lk

Lp

Jg

Vector  (%) Axial (%)
S-wave P-wave

100 92 88 50 43 40

0 7.6 11 50 57 61

0 0.003 0.2 0 -0.001 0.08

0 0.015 0.8 0 -0.005 -1.5

With the help of ‘QCD sum rule’ + simple ‘pole+continuum’ ansatz.
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Υ(1S) J/ψ
Sq

Lk

Lp

Jg

Q.M.

100 92 88 ?

0 7.6 11 ?

0 0.003 0.2 ?

0 0.015 0.8 ?

ρ, ω, ϕ
Sq

Lk

Lp

Jg

Q.M. p, n

100 ?

0 ?

0 ?

0 ?

Light quark system?
vector�mesons nucleons

quark�spin quark�orbit gluon

∼ 30 % (? % ) (? % )

proton�spin�=�
1
2 =

1
2 = ⟨Sq⟩ + ⟨Lq⟩ + ⟨Jg⟩

Proton�spin



Proton in an inertial frame

massless limit : 

Feynman diagrams (the most essential)

Π(q) = i∫ d4xeiqx⟨T{η(x)η̄(0)}⟩

mu,d → 0

24

perturbative ⟨q̄q⟩ ⟨q̄q⟩2

⟨ αs

π
G2⟩

⟨q̄q⟩ = − (240 MeV)3, ⟨ αs

π
G2⟩ = (330 MeV)4

spin�1/2�nucleon�current



Repeat!
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perturbative ⟨q̄q⟩ ⟨q̄q⟩2

⟨ αs

π
G2⟩

Inertial�frame

�
all�responses�of�quarks�and�gluons� phen.�derivation�based�on�the�energy��

shift�of�total�system�by�“- ”.gΩΩ

description�(a) description�(b)

�for�spin1/2�composite�systemgΩ = 1



Intermediate result
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�correctionsαs

total

Sq

Lq

Jg

0.8 1.0 1.2 1.4 1.6

0

20

40

60

80

100

M2 [GeV]

g Ω
[%

]

Proton

•Roughly,�at�M~1�GeV,�� �

•This�naive�analysis�captures�the�important�feature�that�Sq�is�small�

•More�accurate�analysis�requires�more�diagrams�with�finite�quark�masses.�

•<Jg>�is�small�and�negative��=>�� -corrections

⟨Sq⟩ : ⟨Lq⟩ ≈ 1 : 4

αs



Summary
• We proved that spin-1 composite systems follow 

• Inspired by SRC, we proposed a way to study hadron spin decomposition.

• Using QCD Sum Rules, we examined spin contents of spin-1 quarkonia and 

are currently working on the proton.

HSRC = − S ⋅ Ω

27


