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R. L. Jaffe A. Manohar

30th anniversary of their  seminal paper which strongly inspired the work reported here:

The G(1) Problem: Fact and Fantasy on the Spin of the Proton.
Nucl. Phys., B337:509–546, 1990



Work* in collaboration with Andrey Tarasov (The OSU and CFNS)

and two follow-up papers in preparation

* https://arxiv.org/abs/2008.08104



Resolving the proton’s spin puzzle: the g1 structure function 
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?



Resolving the proton’s spin puzzle: the g1 structure function 

Aschenauer et al., arXiv:1708.01527
Rep. Prog. Phys. 82, 024301 (2019)



Iso-singlet axial vector current and topology of the QCD vacuum
Reviews:
S. D. Bass, RMP, hep-ph/0411005
G. M. Shore, hep-ph/0701171



g1 structure function: formal definitions

Hadron tensor 𝑊"# =

with

Most generally, 
where $𝑊"# is the antisymmetric part of 𝑊"#

𝑆" = &'
()

𝑃" and 𝜆 = ±1/2

Generalized parton model (“leading twist”):

Where the quark helicity pdf is defined to be  



Iso-singlet axial vector current

In general, the first moment of g1:
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0
g1(x,Q
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Combination of triplet axial vector current (gives gA) measured in 
𝛽 𝑑𝑒𝑐𝑎𝑦 and octet axial vector current measured in hyperon decays

with the iso-singlet quark helicity given by

In the parton model picture, this mixes, under  evolution, with other isospin blind moment Δ𝐺 = ∫:
; 𝑑𝑥 Δ𝑔(𝑥, 𝑄2)

Splitting functions known to high loop order Moch, Rogal, Vermaseren, Vogt 
Talk by Vogelsang at POETIC IX, LBNL;  DeFlorian, Vogelsang (2019) 



Iso-singlet axial vector current and the chiral anomaly

UA(1) violation from 
the chiral anomaly: @µJ

µ
5 = 2nf@µK

µ +

nfX

i=1

2imiq̄i�5qi
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where the Chern-Simons current

For massless quarks, conserve Jµ
5 � 2nfK

µ
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∝

So then the “real” ΔΣ is

offering a possible explanation of 
empirical small ΔΣ (in addition to flavor
SU(3) violation)…

ca., 1988
Efremov, Teryaev
Altarelli, Ross 
Carlitz, Collins, Mueller



Iso-singlet axial vector current and the chiral anomaly

UA(1) violation from the anomaly: @µJ
µ
5 = 2nf@µK

µ +

nfX

i=1

2imiq̄i�5qi
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where the Chern-Simons current

But, identification of CS charge with ΔG is intrinsically ambiguous
… 𝑡ℎ𝑒 𝑙𝑎𝑡𝑡𝑒𝑟 𝑖𝑠 𝑔𝑎𝑢𝑔𝑒 𝑖𝑛𝑣𝑎𝑟𝑖𝑎𝑛𝑡, 𝑡ℎ𝑒 𝑓𝑜𝑟𝑚𝑒𝑟 𝑖𝑠 𝑛𝑜𝑡

Jaffe, Manohar (1990)

”Large gauge transformation”
- deep consequence of topology

R. Jaffe: “Identification of  𝐾" with ΔG
a source of much confusion 
in the literature  (Varenna lectures, 2007)”



Iso-singlet axial vector current and the chiral anomaly

However, identifying CS − charge with ∆G “works” remarkably well …
(Vogelsang, POETIC IX)

∝ ∆𝐺

NNLO splitting function computations confirm this At LO, Altarelli, Lampe (1990)
NNLO: Vogt, Moch, Rogal, Vermaseren, arXiv:0807.1238

This suggests that 𝛥𝛴 𝑜𝑛𝑙𝑦 𝑚𝑖𝑥𝑒𝑠 𝑤𝑖𝑡ℎ 𝑖𝑡𝑠𝑒𝑙𝑓; 𝑙𝑖𝑘𝑒𝑤𝑖𝑠𝑒 ∆𝐺 𝑎𝑠 𝑑𝑒𝑓𝑖𝑛𝑒𝑑, 𝑜𝑛𝑙𝑦 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝛥𝛴
with the same splitting function

We will discuss later the deeper physics behind these expressions and their relation to the topology of 
the QCD vacuum



Alternative picture: topological charge screening of spin
Shore, Veneziano, PLB (1990); NPB (1992)
Narison, Shore, Veneziano, hep-ph/9812333

Anomalous chiral Ward identities and extended PCAC 
from UA(1) breaking – physics of the 𝜂y from mixing of a 
“primordial massless 𝜂y and topological charge

Example: Witten-Veneziano formula m
2
⌘0 =

2nf

f2
⇡

�YM(0) +O((
nf

Nc
)2)
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where the topological susceptibility   �YM(p2) = i

Z
dx eiP ·xh0|T (Q(x)Q(0)|0i
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with Q(x) =
↵S

8⇡
Tr

⇣
Fµ⌫ F̃

µ⌫
⌘
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In this picture, 

In chiral limit 𝜒 0 → 0, ΔΣ “controlled” by the slope χy at p2=0 – estimated to be small by Veneziano et al.

What about dynamics – can we reconcile this picture with the perturbative one ?

OZI-allowed OZI-suppressed

⌃(Q2) =
1

3mN
�CS

1 (↵S)
⇣
gQNN�(0) + g⌘0NN

p
�0(0)

⌘
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Perturbative & nonperturbative interplay: The triangle graph

The key role of the UA(1) anomaly is seen from the structure of the triangle graph 
In the off-forward (𝑙" → 0, 𝑡 = 𝑙& → 0) matrix element of < 𝑃y,S| 𝐽"�|P, S >

hP 0, S|Jµ
5 |P, Si = GA(t)Sµ + l · S lµGP (t)
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The computation of this  
has an infrared pole 

proportional to  �
�

��
𝐹 �𝐹

! l · S lµ

l2
(t) +

✓
Sµ � l · S lµ

l2

◆
�(t)
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For that to hold, one must have (0) = �(0) / FF̃
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the topological charge density

The perturbative/nonperturbative interplay gives a highly non-trivial result:

hP 0, S|Jµ
5 |P, Si = GA(t)Sµ + l · S lµGP (t)

<latexit sha1_base64="pzLS+HDEUGlduZuO4/2o8+s7UBg="></latexit><latexit sha1_base64="pzLS+HDEUGlduZuO4/2o8+s7UBg="></latexit><latexit sha1_base64="pzLS+HDEUGlduZuO4/2o8+s7UBg="></latexit><latexit sha1_base64="pzLS+HDEUGlduZuO4/2o8+s7UBg="></latexit>

The infrared pole in GA(t) must be canceled by a pole in GP(t) – the corresponding Wess-Zumino-Witten 
term for the 𝜂y

Jaffe. Manohar (1990)



Perturbative & nonperturbative interplay: The triangle graph

with the (manifestly)  gauge invariant result for the forward matrix element 

Suprisingly (since known to Jaffe+Manohar & Veneziano et al)  not addressed in a lot of the “pQCD” literature
It is however deeply profound since it is intimately tied to the mechanism whereby the 𝜂y gets its mass

This result, generalization to g1(x,Q2), and the interplay with non-perturbative physics 
can be explored efficiently in  a worldline framework 



Thinking properly about anomalies with worldlines

Review: Schubert, Phys. Repts. (2001)
N. Mueller, RV: 1701.03331.1702.01233,1901.10492
Tarasov, RV: 1903.11624 and in preparation

The worldline formulation of QFT is equivalent to the string amplitude formalism of Bern and Kosower,
as shown by Strassler

Bern,Kosower, NPB 379 (1992) 145; 
Bern, TASI lectures, hep-ph/9304249
Strassler, NPB 385 (1992) 145



World-line formalism: vector and axial vector fields

with

S[A,A5] =

Z
d4x  ̄ (i/@ + /A+ �5/A5) 

<latexit sha1_base64="FNK8l/2XXmdIy09VThx0Ka4QLmU="></latexit><latexit sha1_base64="FNK8l/2XXmdIy09VThx0Ka4QLmU="></latexit><latexit sha1_base64="FNK8l/2XXmdIy09VThx0Ka4QLmU="></latexit><latexit sha1_base64="FNK8l/2XXmdIy09VThx0Ka4QLmU="></latexit>

One loop effective action �[A,A5] = log det (�)
<latexit sha1_base64="8W42ntvBYImkv3XEmtKr0TXtchw=">AAACH3icbZDJSgNBEIZ73I1b1KOXxiAohDAjbhfB5aDHCEaFzBB6OjVJk+6ZobtGCEPexIuv4sWDIuLNt7GzHDTxh4aPv6qorj9MpTDout/O1PTM7Nz8wmJhaXllda24vnFnkkxzqPFEJvohZAakiKGGAiU8pBqYCiXch53Lfv3+EbQRSXyL3RQCxVqxiARnaK1G8ci/Ykqx+nn5vHEY0FOa+1pRmbR6fnnITcCeLyHCXZ+3ha9Fq417jWLJrbgD0UnwRlAiI1UbxS+/mfBMQYxcMmPqnptikDONgkvoFfzMQMp4h7WgbjFmCkyQD+7r0R3rNGmUaPtipAP390TOlDFdFdpOxbBtxmt9879aPcPoJMhFnGYIMR8uijJJMaH9sGhTaOAouxYY18L+lfI204yjjbRgQ/DGT56Eu/2K51a8m4PS2cUojgWyRbbJLvHIMTkj16RKaoSTJ/JC3si78+y8Oh/O57B1yhnNbJI/cr5/AOFcoaw=</latexit><latexit sha1_base64="8W42ntvBYImkv3XEmtKr0TXtchw=">AAACH3icbZDJSgNBEIZ73I1b1KOXxiAohDAjbhfB5aDHCEaFzBB6OjVJk+6ZobtGCEPexIuv4sWDIuLNt7GzHDTxh4aPv6qorj9MpTDout/O1PTM7Nz8wmJhaXllda24vnFnkkxzqPFEJvohZAakiKGGAiU8pBqYCiXch53Lfv3+EbQRSXyL3RQCxVqxiARnaK1G8ci/Ykqx+nn5vHEY0FOa+1pRmbR6fnnITcCeLyHCXZ+3ha9Fq417jWLJrbgD0UnwRlAiI1UbxS+/mfBMQYxcMmPqnptikDONgkvoFfzMQMp4h7WgbjFmCkyQD+7r0R3rNGmUaPtipAP390TOlDFdFdpOxbBtxmt9879aPcPoJMhFnGYIMR8uijJJMaH9sGhTaOAouxYY18L+lfI204yjjbRgQ/DGT56Eu/2K51a8m4PS2cUojgWyRbbJLvHIMTkj16RKaoSTJ/JC3si78+y8Oh/O57B1yhnNbJI/cr5/AOFcoaw=</latexit><latexit sha1_base64="8W42ntvBYImkv3XEmtKr0TXtchw=">AAACH3icbZDJSgNBEIZ73I1b1KOXxiAohDAjbhfB5aDHCEaFzBB6OjVJk+6ZobtGCEPexIuv4sWDIuLNt7GzHDTxh4aPv6qorj9MpTDout/O1PTM7Nz8wmJhaXllda24vnFnkkxzqPFEJvohZAakiKGGAiU8pBqYCiXch53Lfv3+EbQRSXyL3RQCxVqxiARnaK1G8ci/Ykqx+nn5vHEY0FOa+1pRmbR6fnnITcCeLyHCXZ+3ha9Fq417jWLJrbgD0UnwRlAiI1UbxS+/mfBMQYxcMmPqnptikDONgkvoFfzMQMp4h7WgbjFmCkyQD+7r0R3rNGmUaPtipAP390TOlDFdFdpOxbBtxmt9879aPcPoJMhFnGYIMR8uijJJMaH9sGhTaOAouxYY18L+lfI204yjjbRgQ/DGT56Eu/2K51a8m4PS2cUojgWyRbbJLvHIMTkj16RKaoSTJ/JC3si78+y8Oh/O57B1yhnNbJI/cr5/AOFcoaw=</latexit><latexit sha1_base64="8W42ntvBYImkv3XEmtKr0TXtchw=">AAACH3icbZDJSgNBEIZ73I1b1KOXxiAohDAjbhfB5aDHCEaFzBB6OjVJk+6ZobtGCEPexIuv4sWDIuLNt7GzHDTxh4aPv6qorj9MpTDout/O1PTM7Nz8wmJhaXllda24vnFnkkxzqPFEJvohZAakiKGGAiU8pBqYCiXch53Lfv3+EbQRSXyL3RQCxVqxiARnaK1G8ci/Ykqx+nn5vHEY0FOa+1pRmbR6fnnITcCeLyHCXZ+3ha9Fq417jWLJrbgD0UnwRlAiI1UbxS+/mfBMQYxcMmPqnptikDONgkvoFfzMQMp4h7WgbjFmCkyQD+7r0R3rNGmUaPtipAP390TOlDFdFdpOxbBtxmt9879aPcPoJMhFnGYIMR8uijJJMaH9sGhTaOAouxYY18L+lfI204yjjbRgQ/DGT56Eu/2K51a8m4PS2cUojgWyRbbJLvHIMTkj16RKaoSTJ/JC3si78+y8Oh/O57B1yhnNbJI/cr5/AOFcoaw=</latexit>

� = i/@ + /A+ �5 /A5
<latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Z7jLhGYx2fJ9cL0rwSZI/MCSSOw=">AAACLHicbZDNSgMxFIXv+FvrX3XrJrUIglJmBNGNYHHjSipYK3TKcCdN22AyMyQZoQy+lRtfw51uXCjiY5gZu7CtNwQO30lyc0+YCK6N6746c/MLi0vLpZXy6tr6xmZla+1Wx6mirEVjEau7EDUTPGItw41gd4liKEPB2uH9Re63H5jSPI5uzChhXYmDiPc5RWNRULny6ZCTM8J9LVAP/WqxElSGoyAHZAJXGzkZoJQYHBP/cNIkjeA4qNTculsUmRXeWNRgXM2g8uL3YppKFhlqH9Mdz01MN8v7U8Eey36qWYL0HgesY2WEkuluVsz9SPYs6ZF+rOyODCno3xsZSq1HMrQnJZqhnvZy+J/XSU3/tJvxKEkNi+hvo34qiIlJHiLpccWoESMrkCpu/0roEBVSY6Mu2xC86ZFnxe1R3XPr3rULJdiBXdgHD07gHC6hCS2g8ARv8AGfzrPz7nz9xjXnjHPbholyvn8AGoqmPw==</latexit><latexit sha1_base64="VDUguJBr+kz9BDL6E49YMrjaa40="></latexit><latexit sha1_base64="lFoK1tgup6cqZ9sUj6GPlV8WRwM="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit><latexit sha1_base64="Y878R7LLd36+c7vgYxWO37Bjekk="></latexit>

�[A,A5] = �R + i�I
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Phase of the determinant..
An elegant way to represent the chiral anomaly which 
Fundamentally arises from non-invariance of path 
integral measure under a chiral rotation

Remarkably, this phase can be re-expressed in a form that is nearly identical to ΓR !

Useful mnemonic: Odd powers of γ5 contribute to ΓI and Even powers to ΓR

D’Hoker, Gagne, hep-ph/9512080
See also Mondragon, Nellen, Schmidt, Schubert,
hep-th/9502125



The triangle anomaly in the worldline formalism

Axial vector couplingsSpin precessionWilson line

Famous infrared pole of anomaly

Point particle Bose and Grassmann path integrals
Tarasov, RV



Polarized DIS in the worldline formalism

Polarization tensor from 
world-line Hamiltonian

Gauge (gluon) background



The box diagram for polarized DIS (g1(x,Q2))

Polarization tensor
(antisymmetric piece)

Box diagram

We can compute the box explicitly in both the Bjorken limit of QCD (Q& → ∞, s → ∞, x = �ixed)
and the Regge limit (x → 0, s → ∞, Q2 = �ixed). The latter result is new

DIS with worldlines,
Tarasov, RV (2019)



Finding triangles in boxes in Bjorken and Regge asymptotics

Bjorken Regge

Remarkably, g1(xB,Q2) has  the same structure in both limits,  dominated  by the triangle anomaly !

+ non-pole  
�&���
�&

+ non-pole  
��

&

�& << 1

Hence g1 is topological in both asymptotic limits of QCD…its relation to Δg x, Q2 is unclear

Sµ g1(xB , Q
2)|xB!0
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The r.h.s in the previous expressions is infrared divergent 
– how is this cured to give a finite result?



The role of pseudoscalar fields in resolving the UA(1) problem

We **did not** previously write down the most general  form of the **imaginary part** of 
the worldline effective action :

with

+i " µ 5Dµ⇧+ ↵ " 5 6[⇧,�]
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and

D’Hoker, Gagne,hep-th/9508131

J (0) /  5 6{⇧,�}
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where 𝛷 𝑖𝑠 𝑡ℎ𝑒 𝑐ℎ𝑖𝑟𝑎𝑙 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒

Expanding out the worldline Lagrangian, the first nontrivial contribution to WI is the Wess-Zumino-Witten term !



The role of pseudoscalar fields in resolving the UA(1) problem

The WZW term has a contribution ∝ 𝜂y 𝐹 �𝐹

The zero mode part of it exactly cancels the �
�

��
“perturbative” contribution to the anomaly

(Leutwyler (1996);  Herrara-Sikody et al (1997); Leutwyler-Kaiser (2000) )

Tarasov, RV, in preparation

𝑔1 𝑥𝐵, 𝑄2 → 𝛼𝑆
8𝜋



Conjecture: “Axion-like” effective action for polarized DIS

�⌃(Q2)
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Narison, Shore and Veneziano (see hep-ph/0701171) argue that the result is dominated 
by the derivative of the topological susceptibility (𝜒y), which they compute (using QCD sum rules) 
to be in agreement with the HERMES and COMPASS data

g1 can also in principle be computed on the lattice (Kei-Fei Liu et al) though computing 
Off-forward matrix elements of non-local operators is 

≈ 0 �0(p2 = 0)
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Emergent ”axion” effective action for polarized DIS at small x
Tarasov, RV: in preparation



Conjecture: “Axion-like” effective action for Regge limit

If we now assume (at small x), the background field couples to a large # of quark and gluon world-line 
trajectories, one can construct the effective action for an ensemble of spinning, colored partons at a given x<< 1:
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Topological susceptibility:

𝜔 𝑋 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑜𝑝𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝐹 ψ 𝑖𝑠 𝑡ℎ𝑒 𝜂y field and F is the 𝜂y decay constant 

g1(x,Q
2) /

Z
[D⇢]WP

Y [⇢]

Z
[D ]W̃P,S

P [ ]
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Density matrix: coupling of charge
and topological charge to nucleon 

Color charge current

Topological current



Conjecture: “Axion-like” effective action for Regge limit
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The term 

can be rewritten as the “Veneziano effective action” of a glueball and 𝜂y field 
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with 𝑚¡¢ given by the Witten-Veneziano formula m2
⌘0 =
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or equivalently as exp
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ChPT formulation for the nonet,
Herrera-Siklody et al, hep-ph/9610549



Spin diffusion to small x



A lot of impressive work on perturbative computations of g1 at small x…

Kirschner Lipatov (1980’s); Bartels, Ermolaev, Ryskin (1990’s); Kovchegov, Pitonyak, Sievert (2015-),
Kovchegov,Cougoulic (2019); Boussarie, Hatta, Yuan (2019)

Can we reconcile this work with the dynamics of the chiral anomaly at small x ?



QCD evolution to small x

After smearing of the shockwave target in 𝑥£, 
the effective action reproduces itself (in a double log approximation) 

– renormalizing the “axion effective action”  at small x, one should recover 
the triangle structure in the “box diagram”

Fascinating interplay between gluon saturation (controlled by the saturation scale QS) 
and spin diffusion (controlled by the topological charge density  𝜔)



Spin diffusion via sphaleron transitions in topologically disordered media

Over the barrier (sphaleron) transitions between different 
topological sectors of QCD vacuum…characterized by integer valued Chern-Simons # 
--analogous to proposed mechanism for Electroweak Baryogenesis

NCS =   -2       -1        0         1          2



Spin diffusion via sphaleron transitions in topologically disordered media

Helicity �lip for massless quarks given by nL − nR = 2 N« ν
where Γ­®¯°±²³´µ¶ ∝ ν2



Spin diffusion via sphaleron transitions in topologically disordered media

Helicity �lip for massless quarks given by nL − nR = 2 N« ν
where Γ­®¯°±²³´µ

¶ ∝ ν2



Outlook: these ideas can be tested at the EIC !
Conformal 
Anomaly

Chiral 
Anomaly

Color Glass 
Condensate

Confined many-body 
parton dynamics 

Precision probes of the strong interplay between perturbative many-body parton dynamics 
and non-perturbative structure (“the ether”) of the QCD vacuum 


