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What Do We Learn From Small x?
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Q2 = 1.5 (GeV/c)2

Q2 = 6 (GeV/c)2

Å In DIS, Bjorken x measures the Ioffe
ȰÅØÐÏÓÕÒÅ ÔÉÍÅȱof the virtual photon

ÅThe small -x limit is equivalent to the 
high -energy limit :

ÅTime dilation at higher energies can 
reveal more ephemeral quantum 
fluctuations 

Ioffe, Phys. Lett. B30 (1969) 123
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The Limits of Finite Energy

ÅAny finite -energy experiment is 
limited to a minimum value of x

ÅThere are always small -x tails of 
structure functions which are 
inaccessible to experiment
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CLAS Collaboration, Phys. Rev. C98 (2018) 045203



What Could be Hiding at Small x?

ÅHidden contributions to the proton spin budget

ÅUnitarization of QCD into a UV complete theory

ÅExotic gluon -dominated phase of nuclear matter

ÅBridge between local operators calculated in 
lattice QCD and nonlocal structure functions 
measured in experiment
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Outline:  Small-x Asymptotics

1. Unpolarized Quarks and Gluons

2. Quark Helicity

3. Gluon Helicity 

4. Quark Transversity
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Unpolarized Quark Helicity Gluon Helicity Quark Transversity



Unpolarized Quarks and Gluons:
The Conceptual Part
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Unpolarized Structure Functions from HERA

ÅAt HERA, the proton structure functions increase strongly at small x

ÅReflects a power -law growth of gluon and sea quark densities
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Eur. Phys. J. C75 (2015) 580

JHEP 1001 (2010) 109



Non-Abelian Bremsstrahlung at High Energies

ÅAt high energies, QCDradiates soft gluons
uniformly around mid -rapidity

ü Intrinsic feature of non-Abelian field theories
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CMS Collaboration, Phys. Lett. B751 (2015) 143

(saddle shape from Jacobian)

(small coupling) (large phase space)



A Large Phase Space for Soft Gluons 

ÅPerturbation theory in pQCDrelies 
on a hierarchy of contributions
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A Large Phase Space for Soft Gluons 

ÅPerturbation theory in pQCDrelies 
on a hierarchy of contributions
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ÅAt high energies (small x), the large logarithmic phase 
space enhances the probability of soft gluon radiation



The Small-x Gluon Cascade
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JHEP 1001 (2010) 109
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ÅRecast the systematic enhancement as a 
differential equation

üPower -law growth of the gluon density at small x

άtƻƳŜǊƻƴ LƴǘŜǊŎŜǇǘέ

Kuraev, Lipatov, and Fadin, Sov. Phys. JETP 45 (1977) 199
Balitskyand Lipatov, Sov. J. Nucl. Phys. 28 (1978) 822



Color Screening at High Densities
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ÅEmission of many gluons with random colors :  dynamical color screening

ÅThe size of coherent color domains shrinks as we approach small x

ÅThe growing color charge density defines an emergent length scale

1/x


