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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)

In the parton model, at leading twist

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

𝑆# = &'()
𝑃# and 𝜆 = ±1/2



Iso-singlet axial vector current and the chiral anomaly

UA(1) violation from the 
chiral anomaly
-famous anomaly equation:
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where the Chern-Simons current

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)
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Divergence of C-S current ∝
𝐭𝐨𝐩𝐨𝐥𝐨𝐠𝐢𝐜𝐚𝐥 𝐜𝐡𝐚𝐫𝐠𝐞 𝐝𝐞𝐧𝐬𝐢𝐭𝐲



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 limit (𝑙# → 0, 𝑡 = 𝑙& → 0) of the matrix element of < 𝑃f,S| 𝐽#h|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 
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For that to hold, one must have (0) = �(0) / FF̃
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the topological charge density

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

hP 0, S|Jµ
5 |P, Si = GA(t)Sµ + l · S lµGP (t)
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The infrared pole in GA(t) must be canceled by a pole in GP(t) – the corresponding Wess-Zumino-Witten 
term for the 𝜂f

Jaffe. Manohar (1990)



Perturbative & nonperturbative interplay: The triangle graph

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

Not addressed in lot of “pQCD” literature
Deeply profound since intimately tied 

to  mechanism (the “UA(1) problem”) whereby 
the 𝜂f gets its mass

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

Tarasov, RV, arXiv:2008.08104

Jaffe,Manohar (1990)



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



Finding triangles in boxes in Bjorken and Regge asymptotics

Bjorken Regge

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

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

+ non-pole  
v&wxy
z&

+ non-pole 
{|
{ << 1Sµ g1(xB , Q

2)|xB!0
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Tarasov,  RV, arXiv:2008.08104
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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
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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 !

This WZW term can be re-written as ∝ 𝐹 q𝐹

The zero mode part of it exactly cancels the m
n

mo
“perturbative” contribution to the anomaly 

Leutwyler (1996);  Herrara-Sikody et al (1997); Leutwyler-Kaiser (2000) 𝜂0



Topological charge screening of spin

Narison, Shore and Veneziano (see hep-ph/0701171) argue that the result is dominated 
by the derivative of the topological susceptibility (𝜒f) in the QCD vacuum

- which they compute (using QCD sum rules) to be in agreement with the HERMES and COMPASS data

≈ 0

Shore, Veneziano, PLB (1990); NPB (1992)
Narison, Shore, Veneziano, hep-ph/9812333

Lattice computations: χQCD collaboration, arXiv: 1806.08366v2
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Topological susceptibility
Topological charge



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

If (at small x), the background field couples to a large # of quark and gluon world-line trajectories, 
one can construct from their density matrix the effective action for an ensemble of spinning, colored partons

Veneziano, Mod. Phys. Lett. (1989)
Hatsuda, PLB (1990)
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Axion-like effective action

Can equivalently be written as: exp
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With this form of the effective action,  we see explicitly how the pole of the anomaly is canceled by 𝜂0 exchange
Tarasov, RV, in preparation



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

Two scales – the height of the barrier given by

- the saturation scale QS 

m2
⌘0 = 2nf

�YM

F 2
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(Witten-Veneziano formula)

When QS
2 >> 𝑚�f

2 over the barrier gauge configurations dominate over instanton configurations 

Mace, Schlichting, RV: PRD (2016) 1601.07342

Topological transitions in overoccupied gauge fields

Axion-like dynamics in a hot QCD plasma - McLerran,Mottola,Shaposhnikov (1990)



Spin diffusion via sphaleron transitions in topologically disordered media

Helicity �lip for massless quarks given by nL − nR = nf ν, Atiyah − Singer index theorem
where ν is the topological charge and  Γ��� ¡¢£¤¥

¦ ∝ ν2



Spin diffusion via sphaleron transitions in topologically disordered media

Expect very rapid quenching of g1 at small xB: interplay between  QCD evolution of 
the topological charge and the saturation scale

Stay tuned for quantitative studies fleshing out this picture.



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 


