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EIC physics from Lattice QCD (e.g. gluon distributions)
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FIG. 11. Io↵e-time distribution after the implementation of the perturbative matching kernel on the lattice reduced pseudo-
ITD data along with the light-cone ITD calculated for the model: 2-param (Q), in the MS renormalization scheme at 2
GeV.

FIG. 12. Unpolarized gluon PDF (blue band) extracted from our lattice data using the 2-param (Q) model. We compare
our results to gluon PDFs extracted from global fits to experimental data, CT18 [3], NNPDF3.1 [4], and JAM20 [86]. The

normalization of the gluon PDF is performed using the gluon momentum fraction hxiMS
g (µ = 2GeV)=0.427(92) from [34]. The

figures on left and right are the same distributions with di↵erent scales for x g(x) to enhance the view of the large-x region.

and determine the total uncertainty in the PDF. The statistical uncertainty of the gluon PDF determined from the
fit Eq. (35) and the uncertainty from the normalization using hxig are added in quadrature and the final uncertainty
is shown as the outer band in Fig. 12.

As discussed in [85], from the fitting of the ITD constructed from the NNPDF x g(x) distribution, one needs the
lattice data beyond ⌫ ⇠ 15 to evaluate the gluon distribution in the small-x region. In the present calculation, we can
extract the ITD up to ⌫ ⇠ 7.07. Therefore, the larger uncertainty and di↵erence in the small-x region determined from
the lattice data is expected. As a cautionary remark, we also remind the readers that we have not included the mixing
of the gluon operator with the quark singlet sector in the present calculation. Moreover, this calculation is performed
at the unphysical pion mass and in principle, physical pion mass, continuum, and infinite volume extrapolation
should be performed for a proper comparison with the phenomenological distribution. Therefore, it remains a matter
of future investigation to draw a more specific conclusion about the x g(x) distribution extracted from the lattice
QCD calculation in the large-x region. We also note that the shrinking of the statistical uncertainty band in the PDF
near x ⇠ 0.15 results from the correlation of the PDF fit parameters. This feature has also been seen in previous
works [32, 39, 48, 50].

However, within these limitations, we find the large-x distribution is in reasonable agreement with the global fits
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Khan, RSS, et al (HadStruc)(2021)

Application of Lattice QCD and Machine Learning to understand the gluon that binds us all

Gluon helicity distribution

Tanjib Khan, Tianbo Liu, RSS (2023)

Unpolarized gluon distribution

Ongoing: quark/gluon distributions in the pion, rho meson, photon structure, quantum phases on QC

How do the nucleon mass & spin arise?

What are the emergent properties of dense systems of gluons?



 Neutrino physics from hadronic tensor in Lattice QCD
Long baseline neutrino oscillation experiments: Hyper-K, DUNE, …

The BIG question: why the universe is the way it is?

JLab Experimental data

V. Mokeev, et al [2023]

V. Burkert  [2018]

1.1 Motivation

Figure 1.1: Schematic overview of the nuclear response to a electroweak probe as a
function of the energy transfer ω. Taken from Ref. [Pra09].

its structure functions and charge radius, as the distribution of its quark and gluon
constituents, and its excitation spectrum has been gathered. Neutrinos provide a
unique opportunity to gain even more information on the structure of the nucleon and
baryonic resonances since they probe not only the vector but also the axial structure.
Current and future experiments address relevant problems like the extraction of the
nucleon and N − ∆ axial form factors. NC neutrino-nucleus interactions are also
relevant to answer a fundamental question of hadronic structure, namely, the strange-
quark contribution to the nucleon spin.

Fig. 1.1 shows schematically what processes contribute to the neutrino-nucleus re-
action in the few-GeV region. There, the nuclear response is plotted as a function of
the energy ω that is transferred from the neutrino to the system. At very small en-
ergy transfers of only a few MeV, one scatters into discrete nuclear states and excites
so-called giant resonances. We focus on the energy region of the quasielastic (QE),
∆ and N∗ peaks with energy transfers of few hundred MeV up to about a GeV. The
QE peak is caused by processes like !N → !′N′ where one has only nucleons, both in
the initial and final state. With increasing ω, one can excite the ∆ resonance (second
peak) or even higher lying resonances (third peak) via !N → !′R. At even higher ω,
one reaches the deep-inelastic scattering (DIS) region where one starts to probe quark
degrees of freedom.

7

1.1 Motivation

Figure 1.1: Schematic overview of the nuclear response to a electroweak probe as a
function of the energy transfer ω. Taken from Ref. [Pra09].

its structure functions and charge radius, as the distribution of its quark and gluon
constituents, and its excitation spectrum has been gathered. Neutrinos provide a
unique opportunity to gain even more information on the structure of the nucleon and
baryonic resonances since they probe not only the vector but also the axial structure.
Current and future experiments address relevant problems like the extraction of the
nucleon and N − ∆ axial form factors. NC neutrino-nucleus interactions are also
relevant to answer a fundamental question of hadronic structure, namely, the strange-
quark contribution to the nucleon spin.

Fig. 1.1 shows schematically what processes contribute to the neutrino-nucleus re-
action in the few-GeV region. There, the nuclear response is plotted as a function of
the energy ω that is transferred from the neutrino to the system. At very small en-
ergy transfers of only a few MeV, one scatters into discrete nuclear states and excites
so-called giant resonances. We focus on the energy region of the quasielastic (QE),
∆ and N∗ peaks with energy transfers of few hundred MeV up to about a GeV. The
QE peak is caused by processes like !N → !′N′ where one has only nucleons, both in
the initial and final state. With increasing ω, one can excite the ∆ resonance (second
peak) or even higher lying resonances (third peak) via !N → !′R. At even higher ω,
one reaches the deep-inelastic scattering (DIS) region where one starts to probe quark
degrees of freedom.

7

1.1 Motivation

Figure 1.1: Schematic overview of the nuclear response to a electroweak probe as a
function of the energy transfer ω. Taken from Ref. [Pra09].

its structure functions and charge radius, as the distribution of its quark and gluon
constituents, and its excitation spectrum has been gathered. Neutrinos provide a
unique opportunity to gain even more information on the structure of the nucleon and
baryonic resonances since they probe not only the vector but also the axial structure.
Current and future experiments address relevant problems like the extraction of the
nucleon and N − ∆ axial form factors. NC neutrino-nucleus interactions are also
relevant to answer a fundamental question of hadronic structure, namely, the strange-
quark contribution to the nucleon spin.

Fig. 1.1 shows schematically what processes contribute to the neutrino-nucleus re-
action in the few-GeV region. There, the nuclear response is plotted as a function of
the energy ω that is transferred from the neutrino to the system. At very small en-
ergy transfers of only a few MeV, one scatters into discrete nuclear states and excites
so-called giant resonances. We focus on the energy region of the quasielastic (QE),
∆ and N∗ peaks with energy transfers of few hundred MeV up to about a GeV. The
QE peak is caused by processes like !N → !′N′ where one has only nucleons, both in
the initial and final state. With increasing ω, one can excite the ∆ resonance (second
peak) or even higher lying resonances (third peak) via !N → !′R. At even higher ω,
one reaches the deep-inelastic scattering (DIS) region where one starts to probe quark
degrees of freedom.

7

[In preparation & extending formalism for DIS region]

Thank you!
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Minerba Betancourt

Neutrino Cross SectionsSam Zeller, Low Energy Neutrino Cross Sections, NuFact 06/10/03 8

Past �⌫ Measurements

• How well have we measured low energy ⌫ �’s?
Rely on past measurements for this knowledge

• Along the way, point out how good our current
theoretical understanding is

• Review the status of past
measurements of �⌫ at
E⌫ ⇠ 1 GeV:

,! Quasi–elastic scattering

,! Resonance production
(CC and NC single ⇡)

,! Coherent ⇡ production

,! Multi ⇡ production
(small � but can feed down)

,! ⌫ production of strange

Quasi-elastic scattering (QE)

Resonance production (RES)

Deep Inelastic scattering (DIS) 
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S. Zeller, UPitt workshop 12/06/12 

Current Knowledge 
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neutrino 

•  σν’s are not particularly well-constrained in this intermediate E region  
  (situation is embarassingly worse for NC and for ν ) 

antineutrino 

… the situation has been improving 
(with the availability of new higher statistics data) 

NOvA 
T2K 

LBNE 
CNGS 

atmospheric 

J. A. Formaggio, G. Zeller, Reviews of Modern Physics, 84 (2012)

Charged Current Interactions

T2K NOvA
DUNE


