
Hee-Jin Kim

Transverse single-spin 
asymmetries of very forward 
neutral pion
APCTP Nuclear Physics Workshop: 
Physics of Excited Hadrons in the Present and Future Facilities

Inha University
In collaboration with Samson Clymton and Prof. Hyun-Chul KimarXiv:2206.02184



Outline
• Introduction 

• Inclusive  scattering 

• Invariant cross section in the triple-Regge limit 

• Transverse single-spin asymmetry 

• Results 

• Summary

pp↑ → π0X

2



Introduction



Introduction

[1] Y. Fukao et al., Phys. Lett. B650 (2007) 325
[2] K. Tanida et al.(PHENIX Collaboration), J.Phys.Conf.Ser.295(2011)

TSSA :

• The transverse single-spin asymmetry(TSSA) is one of the crucial observables in high-
energy physics for understanding particle production mechanisms and hadron spin 
structure.
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• Large pT (> 2 GeV/c) TSSA has been investigated by QCD-based approaches:  
(i.e., Transverse Momentum Distributions(TMDs), Collinear twist-3 factorization, …)
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beam



Introduction

[1] Y. Fukao et al., Phys. Lett. B650 (2007) 325
[2] K. Tanida et al.(PHENIX Collaboration), J.Phys.Conf.Ser.295(2011)

• Sizable transverse single-spin asymmetries in the very forward direction have been continuously 
reported for the few decades [1,2].

• The transverse single-spin asymmetry(TSSA) is one of the crucial observables in high-
energy physics for understanding particle production mechanisms and hadron spin 
structure.

• Large pT (> 2 GeV/c) TSSA has been investigated by QCD-based approaches:  
(i.e., Transverse Momentum Distributions(TMDs), Collinear twist-3 factorization, …)

5

• Since the produced particles have very large values of  and low pT, the TSSA displays the 
non-perturbative and diffractive nature.

η

TSSA :
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Transversely polarized proton 
beam



• The interferences between baryon trajectories yield the 
transverse single-spin asymmetry.

• Since the RHICf energy is sufficiently large,  can be 
approximated to the triple-Regge diagram.

dσ

p, N*(1520), Δ, Δ(1600)
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AN > 20%

• Recently the TSSA of very forward neutral pion was measured in RHICf experiment [3].

[3] M.H. Kim et al., Phys. Rev. Lett. 124 (2020) 124



Inclusive  scatteringpp↑ → π0X



Inclusive  reaction:pp↑ → π0X
• Kinematics for single diffractive(SD) process

Kinematics

The SD processes can be described in terms of s, xF, and pT2.

Feynman variable :

momentum transfer :
<latexit sha1_base64="+Q2i39NwXkcYibWCEbOQ91+Xyxk="></latexit>

t = (p1 � p3)
2 ' (1� xF )m

2
N � p2

T

xF

<latexit sha1_base64="PzK1eWxEMQoMf0yDLg2f/xmWXx0="></latexit>

xF =
p0z
pz

' 1� M2
X

s
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Rapidity 

gap

<latexit sha1_base64="mtwwzlZIHi7PXRBn781p8eQ17cA="></latexit>

�y ' ln
s

M2
X

Missing mass :

In high-energy hadron scattering the transverse momentum of the 
produced particle is quite small on average.

When  and  GeV/c, one can defines, M2
X ≫ m2

i |pT | < 1



Invariant cross section in 

the triple-Regge limit



Invariant differential cross-section
• The Lorentz-invariant differential cross section of  :π0

M2
X → ∞
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�j

Residue functions with Born approximation
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Since the Regge approach does not provide the vertex structure, 
we need to employ the effective Lagrangians:



• The residue functions  should be real-valued function, so 
the phase of a Regge-pole contribution to AN comes from 
the signature factor

β

Reggeized propagator

Signature factor:
<latexit sha1_base64="yg+LV8oSGQHF2bpTAQ98vhXTFL4="></latexit>

⇠i(t) =
1 + ⌧i exp{�i⇡(↵i(t)� 0.5)}

2

<latexit sha1_base64="yldO4a4Ptu8hstrxJQW6Nx72c2A="></latexit>

↵p(t) = �0.35 + 0.99t

↵N⇤(t) = �0.73 + 0.95t

↵�(t) = 0.16 + 0.89t

↵�⇤(t) = �0.56 + 0.80t
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Pi(t) = ↵0
i⇠i(t)�(Ji � ↵i(t))(1� xF )

�↵i(t)

Regge trajectories:



<latexit sha1_base64="QAQZ2JlLjNWxf1F2ZbOUEf7XAXQ="></latexit>

Gij
k �

pp
k (M2

X)↵k(0)

The  vertex function:ppk
<latexit sha1_base64="EMUi2oYkZ8X8h6QSWh2OIWngtSo="></latexit>

�pp
k (tpp = 0) =

X

�

�k
��(0)
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• No momentum transfer between unpolarized protons

• No spin flip by -exchangek

The triple-Regge coupling:
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Gij
k (t)

-reggeon propagator:k
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(M2
X)↵k(0)

The generalized optical theorem implies that



Transverse single-spin 
asymmetry



Transverse single-spin asymmetry(TSSA)
• TSSA

Spin-dependent differential cross section

Spin-averaged differential cross section
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TSSA is defined as a fraction of spin-dependent cross section and spin-averaged one:



Parity invariance : 
<latexit sha1_base64="y6PWLjB1+2CM0/zfK/lUndKY0Tg="></latexit>

�i
�1�2

= ⌘1⌘2⌘i(�)�1��2���1,�2

1.  vanishes if k is an unnatural parity state.dσh

2.  vanishes when i and j have opposite naturalities.dΔσ⊥

Spin-dependent cross section

Spin-averaged cross section

<latexit sha1_base64="ioMkxXfuLRXHzVWbYzQGkdHCFFo="></latexit>

d��? = d��N
? + d��U

?

=
1

s

X

�

h
�N
+��

N⇤

�� ImPNP⇤
N⇤GNN⇤

P (t) + ��
+��

�⇤

��ImP�P⇤
�⇤G��⇤

P (t)
i
�pp
P (0)

✓
M2

X

s0

◆↵P(0)
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d� =
1

s

X

�

2

4
X

i

2(�i
+�)

2|P2
i |Gii

k (t) +
X

i 6=j

�i
+��

j
+�2RePiP⇤

jG
ij
P (t)

3

5 �pp
P (0)

✓
M2

X

s0

◆↵P(0)
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unnatural parity states : ⇡, !, a1, ...
<latexit sha1_base64="x4BEUEKcICREggUcGZE56HGj6dI="></latexit>

natural parity states : Pomeron, ⇢, a2, ...
<latexit sha1_base64="nQq2jwbymn8gCJSJOXHER1HmkFk="></latexit>

↵P(0) ' 1, ↵⇢(0) ⇡ 0.5
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N, N⇤(1520) unnatural:
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�, �(1600)

P(−1)J−1/2 = − 1

P(−1)J−1/2 = + 1



• Parameterization of the triple-Regge couplings
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<latexit sha1_base64="0yzZScYNYqVOddqzJYyy02bxzs4="></latexit>

gijP ⌘ Gij
P (0)/G

NN
P (0), bijP ⌘ Bij

P �BNN
P

Redefine the parameters as

<latexit sha1_base64="N2Se5PM5KhQO4xVToho8ejWwJ10="></latexit>
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P
�

h
�N
+��

N⇤

�� ImPNP⇤
N⇤(

p
|t|/m⇡)gNN⇤

P + ��
+��

�⇤

��ImP�P⇤
�⇤(

p
|t|/m⇡)g��⇤

P e�b��⇤
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i

P
�

hP
i(�

i
+�)

2|P2
i |giiPe�biiP |t| +

P
i 6=j �i

+��
j
+�RePiP⇤

j (
p
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ij
P e
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i
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Gij
P (t) =

(
Gij
P (0)e

�Bij
P |t|, for i = j

Gij
P (0)

p
|t|

m⇡
e�Bij

P |t|, for i 6= j

(diagonal)

(non-diagonal)
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<latexit sha1_base64="7os0hg/+uqhSwFZvXNkc3MYDUMU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahp5IUUY+lXjxWMLXQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N24+Dtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGfdZIhPdCanhUijuo0DJO6nmNA4lfwzHtzP/8YlrIxL1gJOUBzEdKhEJRtFKfq8phtV+ueLW3DnIOvGWpAJLtPrlr94gYVnMFTJJjel6bopBTjUKJvm01MsMTykb0yHvWqpozE2Qz4+dkgurDEiUaFsKyVz9PZHT2JhJHNrOmOLIrHoz8T+vm2F0E+RCpRlyxRaLokwSTMjsczIQmjOUE0so08LeStiIasrQ5lOyIXirL6+Tdr3mXdXq95eVRnMZRxHO4Byq4ME1NOAOWuADAwHP8ApvjnJenHfnY9FacJYzp/AHzucPMTOOSQ==</latexit>⇣ <latexit sha1_base64="+a8yhWL6bkEl2vI1Cr+e16eOe/0=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLopSRF1GOpF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dtbWNza3tgs7xd29/YPD0tFxUyeZYuizRCSqHVKNgkv0DTcC26lCGocCW+Hobua3nlBpnshHM04xiOlA8ogzaqzkd+t8cNkrld2KOwdZJV5OypCj0St9dfsJy2KUhgmqdcdzUxNMqDKcCZwWu5nGlLIRHWDHUklj1MFkfuyUnFulT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6DSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/RhuAtv7xKmtWKd12pPlyVa/U8jgKcwhlcgAc3UIN7aIAPDDg8wyu8OdJ5cd6dj0XrmpPPnMAfOJ8/MreOSg==</latexit>⌘
<latexit sha1_base64="jWjH2UTQ5sFlkB0+pmxP4jLVz6U=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGE3iHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0qyUvatypX5Zqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3PPjLY=</latexit>

+ <latexit sha1_base64="VMBywBx8Mj/Bgum7O7Fv+i56zGo=">AAACFnicbZDLSgMxFIYz9VbrbdSVuAkWQRDKTBEVuikI4rKCvUBnKJlMpo3NXEjOKKUUfQxfwK2+gTtx69YX8DnMtF1o64HAz/+fnJN8XiK4Asv6MnILi0vLK/nVwtr6xuaWub3TUHEqKavTWMSy5RHFBI9YHTgI1kokI6EnWNPrX2R5845JxePoBgYJc0PSjXjAKQFtdcy9Y6fiVDDHjmABSN7tAZEyvse3HbNolaxx4XlhT0URTavWMb8dP6ZpyCKggijVtq0E3CGRwKlgo4KTKpYQ2idd1tYyIiFT7nD8hRE+1I6Pg1jqEwEeu79vDEmo1CD0dGdIoKdms8z8N/NVNnBmOwTn7pBHSQosopPlQSowxDhjhH0uGQUx0IJQyfX7Me0RSShokgUNxp7FMC8a5ZJ9WipfnxSrl48TRHm0jw7QEbLRGaqiK1RDdUTRA3pGL+jVeDLejHfjY9KaM6ZYd9GfMj5/AAFLn4k=</latexit>

+ i $ j

p p

p p

⇡ ⇡

P

p N⇤

p p

p p

⇡ ⇡

P

� �⇤

P
i,j Re

p p

p p

⇡ ⇡

P

i j

• Diagrammatic representation of the AN
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3D Plot of AN

<latexit sha1_base64="0S6i8c8rsqxQyYJeol5IrxK2n44=">AAAB+3icbVDLSgMxFM3UV62vsS7dBItQN2WmiLosunFZwT6gMwyZNG1DM0lIMtIy9FfcuFDErT/izr8xbWehrQcuHM65l3vviSWj2njet1PY2Nza3inulvb2Dw6P3ONyW4tUYdLCggnVjZEmjHLSMtQw0pWKoCRmpBOP7+Z+54koTQV/NFNJwgQNOR1QjIyVIrccTGgkq+YCBkhKJSbQi9yKV/MWgOvEz0kF5GhG7lfQFzhNCDeYIa17vidNmCFlKGZkVgpSTSTCYzQkPUs5SogOs8XtM3hulT4cCGWLG7hQf09kKNF6msS2M0FmpFe9ufif10vN4CbMKJepIRwvFw1SBo2A8yBgnyqCDZtagrCi9laIR0ghbGxcJRuCv/ryOmnXa/5Vrf5wWWnc5nEUwSk4A1Xgg2vQAPegCVoAgwl4Bq/gzZk5L86787FsLTj5zAn4A+fzB8Gwk50=</latexit>

⇠p(t) ⇡ 0

AN is sensitive to 

the signature factor at small xF



Summary



Summary
• The TSSA for very forward neutral pion via the Reggeon exchange processes.

• Good agreement with the RHICf data of both transverse momentum and xF 
distribution quite well.

• The differential cross-section for  is approximated to the triple-Regge 
exchange process.

pp↑ → π0X

• We found that a large fraction of the  AN in the very forward direction is of 
diffractive nature.

π0

• pp↑ → π±X, ηX, ΛX, ΔX . . .



Thank you
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Kinematics



Regge poles
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The t-channel partial-wave series for scattering amplitude:
<latexit sha1_base64="HNNdtyhYM36TEiXqJ5hMfhCWQLI="></latexit>

A(s, t) = 16⇡
1X

l=0

Al(t)Pl(zt)

Ex) Equal-mass scattering:
<latexit sha1_base64="K6fOdsEBAzTLbbThuqvroKcrrQU="></latexit>

zt = 1 +
2s

t� 4m2
�! Pl(zt) ⇠ sl

This series is a correct representation of scattering in the physical region of the t-channel, where , 
it is irrelevant for high-energy s-channel scattering.

t > 4m2, s < 0

• Analytic continuation to the complex -planeℓ
<latexit sha1_base64="E2ncwJWZnRmp9Z/3jdeyGx4XDs0="></latexit>

A(s, t) = 16⇡
1X

l=0

Al(t)Pl(zt) �! 8⇡i

Z

C
dl A(l, t)

Pl(�zt) + Pl(zt)

sin⇡l

<latexit sha1_base64="S9NtcBpOm3F8RdEN93wfy2LaFDg=">AAACCHicdVDLSsNAFJ3UV62vqks3g0Wom5CkmrYLpeDGZQX7gDaUyWTSDp08nJkIJfQH/AG3+gfuxK1/4Q/4HU7aClr0wMDhnPua48aMCmkYH1puZXVtfSO/Wdja3tndK+4ftEWUcExaOGIR77pIEEZD0pJUMtKNOUGBy0jHHV9lfueecEGj8FZOYuIEaBhSn2IkleQweAH7iMUjVJang2LJ0I2KXalbUJFzy7btjNQqtWodmroxQwks0BwUP/tehJOAhBIzJETPNGLppIhLihmZFvqJIDHCYzQkPUVDFBDhpLOjp/BEKR70I65eKOFM/dmRokCISeCqygDJkVj2MvFPzxPZwKXt0q85KQ3jRJIQz5f7CYMyglkq0KOcYMkmiiDMqbof4hHiCEuVXUEF8/17+D9pW7pp69bNWalxuYgoD47AMSgDE1RBA1yDJmgBDO7AI3gCz9qD9qK9am/z0py26DkEv6C9fwEu9Znf</latexit>

l = ↵(t)The singularities of  are poles whose locations atA(l, t)
<latexit sha1_base64="RlLK3FRrMbaR8LnMfg9+T/dRysE="></latexit>

A(s, t) ⇠ s↵(t)

The functions  are called Regge trajectories. The particles on the 
same trajectory give a collective energy dependence 

α(t)



interferences and pole contributions


