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C O L D  N U C L E A R  P H Y S I C S

• Cold Nuclear Physics program 

• Hadron Structure 

• Hadron Spectrum  

• Hadron Interactions 

• Existing facilities: Jlab 12GeV, RHIC, ATLAS@ANL 

• Future facilities: 

• Ton-scale 0vββ decay Experiment 

• FRIB @ MSU 

• Three new faculty positions in LQCD starting this year 

• EIC @ JLAB (or BNL) ? 

• New DoE NP Topical Collaboration on transverse momentum dependent hadron structure 

• Interrelated topics that use common methods in their calculations



P H Y S I C S  H I G H L I G H T S
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Figure 2. Left panel: The 2mP and 2q contributions to the AWI as a function of Q2 for the u and d quarks in the
disconnected insertion. The resultant gA(Q2) is large and negative. These results are from the 243 ⇥ 64 lattice
with the light sea quark mass corresponding to m⇡ = 330 MeV.

Our preliminary results on the 243 ⇥ 64 lattice, when extrapolated to the physical pion mass, give
�u + �d(CI) = 0.54(3), �s = �0.084(21), and �u(DI) = �d(DI) = �0.16(3) for a total �⌃ = 0.14(7)
which is consistent with the global analysis of DIS experiments.

Based on our present results on the 24I and 32I lattices, we are beginning to see that it is the triangle
anomaly which is the culprit for the ‘proton spin crisis’. Even though it has been speculated in the
literature in the past, this is the first time that direct evidence has been given. Using chiral fermions
(overlap valence and DWF sea), we are certain that the results are accurate through the AWI. We propose
to use the conserved current derived by P. Hasenfratz et al. [2] for the overlap to verify the present result
utilizing AWI.

Our goal is to have the DI part of u, d, and s to have combined statistical and systematic error to be ⇠ 15%
which would be better than the experimental result of ⇠ 22%. We expect the CI part to have an error of
⇠ 1.5% which is what we have for the 24I lattice.

2. Glue spin:
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Figure 3. The results of glue spin S G in longitudinally polarized proton as a function of the longitudinal momenta.
The blue and red bands represent extrapolation to large momentum squared.

It is shown [45] that the glue spin in the nucleon can be calculated with the operator
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χQCD: gluon spin

to be placed on the inverse scattering lengths and effective ranges. The extracted phase shifts
allowed for matching to NEFTs, from which low energy counterterms were extracted and issues
of convergence investigated. These results suggest that the relatively large size of the deuteron
compared with the range of the nuclear forces may persist over a large range of light-quark masses
and, therefore, might be a rather generic feature. The 1S0 channel, in contrast, is finely tuned at
the physical light-quark masses, and the range of masses over which this persists remains to be
determined.
The results of these calculations appeared in Physical Review D, and this article was selected as an
Editors Suggestion.

3. Cross Section of np ! dg

Calculations of two-nucleon systems were used to isolate the short-distance two-body electromag-
netic contributions to the radiative capture process np! dg, and the photo-disintegration processes
g(⇤)d ! np [6], as shown in Fig. 4. In nuclear potential models, such contributions are described
by phenomenological meson-exchange currents, while we were able to determine them directly
from the quark and gluon interactions of QCD. Calculations of neutron-proton energy levels in
multiple background magnetic fields were performed at two values of the quark masses, corre-
sponding to pion masses of mp ⇠ 450 and 805 MeV, and were combined with pionless EFT to
determine the rate of this low-energy inelastic process. Extrapolating to the physical pion mass,
a cross section of slqcd(np ! dg) = 334.9( +5.4

�4.7 ) mb was obtained at an incident neutron speed of
v = 2,200 m/s, consistent with the experimental value of sexpt(np ! dg) = 334.2(0.5) mb. This is
the first LQCD calculation of an inelastic nuclear reaction and our paper has appeared in Physical
Review Letters [6].

FIG. 4: The short-distance correlated two-nucleon (meson-exchange current) contribution to np ! dg [6,
20].

4. The Magnetic Structure of Light Nuclei

Background magnetic fields were used to calculate the magnetic moments and magnetic polariz-
abilities of the nucleons and of light nuclei with A  4 at the flavor SU(3)-symmetric point where
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NPLQCD: np→dγ

where ⌘ parametrizes the staple length, which must be extrapolated to infinity. The staple direction
v is furthermore taken o↵ the light cone into the spacelike domain to regulate rapidity divergences;
this introduces an additional dependence of the TMDs on the “Collins-Soper parameter”⇣̂ ⌘ |v ·
P |/(M

p�v2). One is ultimately interested in the behavior at large ⇣̂.
The correlator (10) can be evaluated within lattice QCD for a limited range of P and (purely

spatial) b and ⌘v. It can then be decomposed into Lorentz-invariant amplitudes, appropriate
combinations of which yield TMDs such as the Sivers and Boer-Mulders functions. Given the
limited range of parameters P , b and ⌘v, the interesting limits ⌘ ! 1, ⇣̂ ! 1 can only be accessed
by extrapolation. Whereas the former extrapolation is under control for a range of data generated
in lattice QCD calculations, the latter presents a challenge, owing to the limited set of hadron
momenta P accessible with su�cient statistical accuracy. It is this challenge that we propose
address in the present proposal. Initial promising results were obtained in [37] in the case of pion
TMDs. The light mass of the pion, compared to the nucleon, implies that its trajectory is closer
to the light cone for given hadron momentum; as a result, it proved feasible to draw quantitative
conclusions about the large ⇣̂ limit already using fairly low pion momenta, as displayed in Fig. 4
(left). On the other hand, for the heavier nucleon, the momenta accessible in standard calculations
prove to be too low to achieve similar conclusions, cf. Fig. 4 (right). A dedicated high-momentum
study is necessary, and the present e↵ort to access high-momentum nucleon states provides the
ideal context for this investigation.
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Figure 4: T-odd TMD ratios in the SIDIS limit as a function of Collins-Soper parameter ⇣̂. Left:
Boer-Mulders ratio in the pion; right: Sivers ratio in the nucleon. In both cases, both the total ratio
as well as a certain partial contribution are displayed, where the partial contribution vanishes at
⇣̂ = 0, but dominates the quantity at large ⇣̂. Comparison of the two thus provides a measure of the
extent to which the large-⇣̂ regime has been reached. In the pion case, a large part of the evolution
to large ⇣̂ has been achieved, and an extrapolation to ⇣̂ = 1 is possible. In the nucleon case, data
at significantly larger ⇣̂, and with higher precision, are required than are hitherto available.

2.7 Calculation of quark quasi-distribution at high momentum

Direct calculation of light cone quark distributions using lattice QCD instead of just a few low mo-
ments as in the past will greatly increase our understanding of the quark structure of the nucleon.
In order to extract quark distributions from the quasi-distributions calculable on the lattice, calcu-
lations with a sequence of high momenta are essential. We propose to make a major contribution
to the field by using our boosted sources to calculate the renormalized quasi-distributions for the
high nucleon source and sink momenta summarized in Tab. 2
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LHPC/NME: TMDs
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FIG. 3: Results from PRL Ref. [7]. (a) Shown is the ⇡�? ! ⇡⇡ amplitude as a function of the
⇡⇡ center of mass energy, E?

⇡⇡, for two values of the photon virtuality. This is compared with the
elastic ⇡⇡ scattering amplitude. (b) Analytically continuing the amplitude onto the ⇢ pole, the
⇢ ! ⇡�? transition form factor is obtained. The real and imaginary component of the form factor
are compared with our previous calculation using m⇡ = 700 MeV, where the ⇢ is stable [5], and
experiment.

and the ⇡⇡ scattering amplitude obtained in our previous work [2], we mapped these matrix
elements to the infinite volume ⇡�

? ! ⇡⇡ amplitude. Determining the P -wave amplitude
for ⇡⇡ ! ⇡�

? in a large kinematic region, we are able to observe a dynamical enhancement
corresponding to the ⇢ resonance (see Fig. 3), and the residue of the amplitude at the ⇢-pole
can be used to determine the ⇢ ! ⇡�

? transition form factor (see Fig. 3). This results in
the first determination of a resonance form factor from lattice QCD.

III. SOFTWARE

The software we propose can use the existing K20 GPUs, but also we are preparing, and
optimizing, towards a possible Intel Knights Landing system for the construction of hadron
correlation functions (contractions) on the larger lattices. We can use the older clusters for
contractions on the smaller lattice sizes, and the GPUs for the calculation of propagators
(perambulators) on the largest lattices.

A. Propagators

We will use the Chroma software system in conjunction with the QUDA library, to
calculate light and strange quark perambulators on GPUs. For this purpose, we will utilize
the very recently developed implementation of Adaptive-Smoothed Aggregation multigrid
technique implemented in the QUDA library for lattice QCD on GPUs [9–12]. Previously,
we have used the CPU implementation in the QOPMG library [13, 14].

The QUDA implementation has only recently been developed by Kate Clark of NVIDIA
in collaboration with members of our team. Currently the library implements a multi-grid
preconditioned GCR algorithm. The outer GCR solver features the usual QUDA perfor-

HadSpec: πγ*→ππ



R E Q U E S T S

P I T O P I C Request (x10
core hours) M A C H I N E
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H A D R O N  S T R U C T U R E
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H A D R O N  S P E C T R U M  -  I N T E R A C T I O N S
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H A D R O N  S T R U C T U R E

• Last year n—> infinity proposals 

• This year n-2 proposals!  

• The field is very vibrant. Lots of new ideas and many new young and old 
people are getting into it. 

• Direct computation of PDFs on Euclidean lattices 

• Approaches to solve the problem of power divergences plaguing the 
computations of high moments 

• Precision calculations are pursued and results are on the way. 

• In some cases similar calculations are performed with different 
methodologies. 

• This is  helpful in for cross checks and better understanding of systematics.



H A D R O N  S P E C T R U M - I N T E R A C T I O N S

• Three proposals  

• (NPLQCD, Hadron Spec [meson,baryon]) 

• Hadron Spectrum: 

• Coupled channel phase shifts, meson resonances, radiative 
transitions. 

• Calculations done with anisotropic clover fermions at pion masses 
> 220MeV 

• More complicated processes are now studied 

• Feasibility of baryon resonance studies on isotropic clover lattice 
is starting



H A D R O N  S P E C T R U M - I N T E R A C T I O N S

• Nuclear Physics (NPLQCD) 

• Magnetic moments of light nuclei 

• Polarizabilities of light nuclei 

• np —> d γ transition 

• Begun calculations of scattering phase shifts and 
spectrum of light nuclei at 300 MeV  

• Explore computation of weak matrix elements of light 
nuclei at in the coming year at the SU(3) flavor symmetric 
point



G A U G E  C O N F I G U R AT I O N S

• Larger component of Cold Nuclear Physics is using isotropic clover 

• NPLQCD 

• A branch of Hadron Spectrum (Baryons) 

• LHPC/NME 

• Leskovec (Rare B decays) 

• HISQ is also used either as sea quark action only or both sea and valence action  

• Kronfeld   

• Lin 

• No more anisotropic clover gauge generation is proposed  

• DWF are used both in valence and sea sectors (with Overlap valence) 

• χQCD  (Liu), with overlap valence 

• RBC (Ohki)



G A U G E  C O N F I G U R AT I O N S

Isotropic clover gauge generation needs more 
resources!

Both DWF and HISQ have already large libraries of gauge 
configuration  ensembles however these configurations are 
not preferred by the majority of Cold QCD projects


