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Past 60+ years: detailed view  
of quark structure of nucleons

Gluonic structure (beyond  
gluon density) relatively  
unexplored

Electron-Ion Collider
Priority in 2015 long range plan
“Understanding the glue that 
binds us all”

Propose: LQCD calculations to 
inform EIC development

Gluonic Structure
Motivation
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3Ultimate eRHIC design 
Highly advanced and energy efficient accelerator

Peak luminosity: 2 � 1034 cm-2 s-1

ERL, permanent magnet arcs and 
strong cooling of proton beam 
greatly reduce electric power 
consumption to about 15 MW!
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‘Exotic’ Glue in the Nucleus
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Double helicity flip structure function Δ(x,Q2) 

Purely gluonic observable: ideal goal for EIC
No mixing with quark observables

Hadrons: Gluonic Transversity
Nuclei: Exotic Glue

fwd limit: gluons not associated  
with individual nucleons  
in nucleus

operator in nucleon = 0  
operator in nucleus ≠ 0 

Gluonic Transversity

hp|O|pi = 0, hN,Z|O|N,Zi 6= 0

hp|O|pi = 0, hN,Z|O|N,Zi 6= 0
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‘Exotic’ Glue in the Nucleus

‘Exotic’ Glue
Contributions to gluon
observables that are not from
nucleon degrees of freedom.

Exotic glue operator:
operator in nucleon = 0
operator in nucleus 6= 0
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First calculation

Need high statistics

Expectation: access1-3 transversity 
generalised form factors for lowest 
moments of transversity GPD

Proposed Calculations
Gluon transversity GFFs of the nucleon

To inform development of EIC (ca 2025), need completely 
quantified uncertainties on 5-year timescale

• Uncertainties: 10% stat, 10% sys
• Different irreps: lattice spacing effects
• Two lattice volumes
• No pion mass dependence
• Perturbative renormalisation 

(talking to M. Constantinou)
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of the nucleon to 5-10% precision at a single unphysical set of quark masses. From these
results we expect to obtain a subset of the gluonic GFFs. We anticipate that determining
all GFFs would require matrix element calculations to sub-percent precision, which is not
feasible at present. Calculations at two volumes will enable control of the volume systematic
that we expect may be more troublesome for the nucleon than for the phi meson. This study
will constitute the first determination of these quantities using any method, and will provide
the first steps towards controlled QCD predictions of nucleon gluon structure quantites as
benchmarks for an EIC.

Based on our preliminary studies of the gluon GFFs of the �meson, and our benchmarking
of propagator calculations on the ensembles to be used here, we will require 3.74⇥105 K20
hours to achieve this result. The costs associated with propagator construction are detailed
for these two ensembles in Table I. Timing runs for both ensembles have been performed
uisng K20 GPUs using QDPJIT/LLVM and QUDA. GPUs are the ideal platform for this
propagator-intensive set of calculations. Both the application of gradient flow to the gauge
fields, and the construction of the gluonic operators needed, are negligible in comparison
to the propagator generation. We will consider the full set of gluonic operators in Eqs. 1,
2 and 3 at lowest and next-to-lowest n, although the transversity operator is of greatest
phenomenological interest.

As well as enabling the study proposed here, the two-point functions generated for this
study will be used for a preliminary investigation of other gluonic structure quantities in the
nucleon, including TMDs and PDFs. In the future, we will pursue calculations of the gluon
GFFs of the nucleon at lighter masses, to allow contact with experiment.

� a [fm] m
⇡

[MeV] L3 ⇥ T Ncfg Nsrc Cost/inversion [K20 hours] Total Cost [K20 hours]

6.1 0.117(2) 450 243 ⇥ 64 2000 256 0.33 1.69⇥105

6.1 0.117(2) 450 323 ⇥ 96 2000 128 0.8 2.05⇥105

TABLE I. Cost breakdown of the proposed calculations. The application of gradient flow to the
gauge fields, and the construction of the gluonic operators, is negligible in comparison to the
propagator generation costed here.

V. DATA SHARING

While the quark propagators produced in these calculations will not be stored, the two-
point correlation functions will be available to other USQCD collaborators on request for
non-competing projects. We envisage performing calculations of gluon TMDs and PDFs as
well as those of the GFFs. We would like to retain exclusive use of the two point functions
for these topics for a year after the publication of first results of the investigation described
here.

VI. SUMMARY

An EIC will, for the first time, allow experimental measurements of gluon GPDs in
nucleons and nuclei. A preliminary LQCD study of the gluon GFFs of the � meson, at
unphysical quark masses, has demonstrated that these quantities can be robustly determined



Gluon transversity in ϕ meson [W Detmold & PES PRD 94 (2016), 014507, 1703.08220]

First moment in ϕ meson (simplest spin-1 system,         nucleons, nuclei)
Lattice details: clover fermions, Lüscher-Weisz gauge action  
 
 
 
 
 
 
 

Many systematics not addressed (yet)!
Quark mass effects 
Volume effects

Preliminary Work

Lattice Details
Luscher-Weisz gauge action with a clover-improved quark action

L/a T/a � aml ams

24 64 6.1 -0.2800 -0.2450

a (fm) L (fm) T (fm) m⇡ (MeV) mK (MeV)

0.1167(16) 2.801(29) 7.469(77) 450(5) 596(6)

m� (MeV) m⇡L m⇡T Ncfg Nsrc

1040(3) 6.390 17.04 1042 105

All � polarization states ({1, 2, 3} or {+,�, 0})
I on-diagonal
I o↵-diagonal

Momenta up to (1,1,1) in lattice units (1 unit ⇠ 0.4GeV)

Di↵erent discretisations of the operator (di↵erent irreps.)
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Discretisation 
Renormalisation



Off-forward matrix elements are complicated

Eg:  moments of Δ(x,Q2) related to many form factors  
 
 

Gluonic Generalised Form 
Factors
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Ack TMD collab



Off-forward matrix elements are complicated

Eg:  moments of Δ(x,Q2) related to many form factors  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Many gluonic GFFs:
Extract from  

complicated systems



One GFF can be resolved 
 
 
 
 
 
 
 
 
 
 

Gluon Transversity GFFs
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Three GFFs can be resolved (not safe from mixing with quark ops.)  
 
 
 
 
 
 
 
 
 
 
 
 

Spin-Indep. Gluon GFFs
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Precise understanding of nuclear 
targets essential for DUNE expt: 
extraction of neutrino mass 
hierarchy, mixing parameters

Nuclear Modification of  
Nucleon Structure 
Here −Q2 represents the squared four-momentum of the virtual photon that mediates the in-
teraction with coupling strength α and x = Q2/2Mν can be interpreted as the fraction of the
longitudinal nucleon momentum carried by the struck quark, in a frame where the nucleon moves
with infinite momentum in the direction opposite to that of the virtual photon. The variable y
denotes, in the target rest frame , the virtual-photon energy ν with respect to the lepton-beam
energy E.

At leading order in QCD the structure function F2 is defined as the sum of the momentum
distributions q(x,Q2) and q̄(x,Q2) of quarks and anti-quarks of flavor q = u, d, s, ... weighted by
x and z2q, where zq is the quark charge (in units of the elementary charge |e|):

F2(x,Q
2) =

!

q=u,d,s..

xz2q
"

q(x,Q2) + q̄(x,Q2)
#

. (2)

The quantity

R =
σL

σT
=

F2

2xF1

$

1 +
4M2x2

Q2

%

− 1 =
FL

2xF1
(3)

is the ratio of the longitudinal to transverse virtual-photon cross sections. In the quark-parton
model, R = 0 for the interaction of the virtual photon with a point-like spin-1/2 particle. Quark
transverse momenta, quark masses and gluon radiation cause R to deviate from zero. If R is
independent of the nuclear mass number A (see the discussion in section 4.4), then the ratio of
cross sections for two different nuclei is equal to the ratio of their structure functions F2.

Subsequently, we will always discuss the ratio of structure functions (cross sections) per
nucleon for a nucleus with mass number A (i.e., A nucleons) and the deuteron D. The latter is, to
a good approximation, equal to the proton-neutron averaged structure function FD

2 ≈ (Fp
2+Fn

2)/2.
The x dependence of the structure functions Fp

2 and Fn
2 is different (for free nucleons they are

approximately related by Fn
2/F

p
2 ≈ 1−0.8x). Results for the nuclear structure function FA

2 (cross
section σA) for nuclei with Z protons and N neutrons will always be corrected for neutron excess
by

FA
2 = (

Fp
2 + Fn

2

2
)A ·

$

1−
N− Z

N+ Z
·
1− Fn

2/F
p
2

1 + Fn
2/F

p
2

%

, (4)

where it is assumed that proton and neutron structure functions are modified equally by the
nuclear environment. Thus, FA

2 is the structure function per nucleon for a hypothetical isoscalar
nucleus with an equal number (A2 ) of protons and neutrons.

3 The discovery

The historical result of the EMC effect [1] (updated results were published in [11]) is presented
in the left panel of Fig. 1. It shows the ratio of the structure function F2 per nucleon for iron
and deuterium, both uncorrected for Fermi motion, as a function of x. The shaded area indicates
the range for the errors on the slope of a linear fit to the data, the point-to-point systematic
uncertainties are somewhat larger. In addition there is an overall uncertainty of ±7%.

The ratio is seen to be different from unity. It falls from ∼ 1.15 at x = 0.05 to a value of
∼ 0.89 at x = 0.65 and doesn’t follow the expectations from Fermi-motion calculations. This

2

Ratio of structure function F2 per 
nucleon for iron and deuterium European Muon 

Collaboration (1983):  
 
Modification of per-nucleon 
cross section of nucleons 
bound in nuclei



2016-2017 Highlights

Matrix element determining 
 
fusion cross-section

Muon capture reaction (MuSun)
Neutrino breakup reaction (SnO)

Gamow-Teller matrix element in 
tritium

Multi-body contributions to decay 
rates of nuclei

Two-neutrino double-beta decay 
matrix element

pp ! de+⌫

Weak nuclear processes

Fig: Z Davoudi



Fixed magnetic field         moments, polarisabilities 
Fixed axial background field         axial charges, other matrix elts. 

Construct correlation functions from propagators modified in field

Background field approach

[Detmold and Savage, Nucl. Phys. A743, 170 (2004)]

S

(q)
� (x, y) = S

(q)(x, y) + �q

Z
dz S

(q)(x, z) �3�5 S
(q)(z, y)

constantcompound propagator

S(d)
�

time

C�u;�d(t) =

S(u)
�



Background field approach

S(d)
�

time

C�u;�d(t) =

S(u)
�

C�u;�d(t) = + +� �2

+ �3 Matrix elt. of 
e.g. axial charge

Implicit sum over 
current insertion 
times

Second-order 
weak interactions



Proton-proton fusion
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2.80

2 4 6 8 10 12
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0.025

smeared-smeared 
smeared-point

constant fits to  
plateau region

Extrapolate,  
predict physical 

cross-section

EFT parameter dictating fusion rate

L1,A

ZA

sd�2b

= �0.011(1)(15)



Background axial field to second order
nn→pp transition matrix element 
 
 
many technical LQCD complications 
similar to RBC             mixing work 1406.0916

Non-negligible deviation from long distance deuteron 
intermediate state contribution 
 

Second order weak interactions

2

tant as the e↵ective quenching of the axial charge in the
two-nucleon system.

The numerical calculations in this work are performed
at unphysical values of the quark masses and for a dis-
allowed decay. While there is no immediate phenomeno-
logical impact of the numerical values of the matrix el-
ements that are extracted, the observed behavior does
provide an important lesson for many-body calculations.
In typical calculations of two-neutrino (2⌫��) decay, the
nuclear matrix elements are calculated using two inser-
tions of the axial current in a truncated model space, with
a quenched value of gA tuned to reproduce experiment.
If the findings presented here persist at the physical val-
ues of the quark masses, they would imply that a sig-
nificant contribution has been ignored in standard 2⌫��
calculations, resulting in a source of uncertainty in the
nuclear matrix elements that remains to be quantified.
Importantly, this uncertainty can only be constrained us-
ing ��-decay measurements or numerical calculations. In
0⌫�� decays, the situation becomes even less certain, in
part due to dependence on possible scenarios of physics
beyond the SM. With a light Majorana neutrino, gen-
eralisations of the axial polarisability will also likely be
relevant.

In what follows, the lattice QCD and EFT(⇡/) calcu-
lations and the analysis of the axial polarisability are
summarised, with complete details to be presented in a
subsequent paper [7]. The potential for future lattice
QCD calculations to provide the necessary input to con-
strain many-body calculations of 2⌫�� and 0⌫�� matrix
elements, and thereby reduce the uncertainties in calcu-
lated ��-decay rates, is also discussed.

Two-neutrino ��-Decay: The focus of this Letter is on
2⌫�� decay of the dinucleon system. The decay width is
given by

[T 2⌫
1/2]

�1 = G2⌫(Q)|M2⌫
GT |2, (1)

where Q = Enn � Epp, G2⌫(Q) is a known phase-space
factor [8, 9], and the Gamow-Teller matrix element in the
two-nucleon system is

M

2⌫
GT = 6

Z
d

4
xd

4
yhpp|T ⇥J+

3 (x)J+
3 (y)

⇤ |nni

= 6
X

l

hpp|J+
3 |lihl|J+

3 |nni
El � (Enn + Epp)/2

. (2)

Here, J+
3 = (J1

3 + iJ

2
3 )/

p
2 is the 3rd-component of the

�I3 = 1 axial-vector current, J

a
µ = 1

2q�µ�5⌧
a
q, and l

indexes a complete set of zero-momentum hadronic states
with the quantum numbers of the deuteron. The factors
of 6 in Eq. (2) are due to rotational symmetry and our
normalization of the currents.

As with forward Compton scattering, the amplitude
can be written in terms of a Born term, corresponding to
an intermediate deuteron state, and the isotensor axial

polarisability which absorbs the contributions from the
remaining states in the above summation. By isospin
symmetry, this polarisability is most cleanly identified as
the forward matrix element of the I = 2, I3 = 0 com-
ponent of the time-ordered product of two axial-vector
currents in the 1

S0 np ground-state with the deuteron
pole (the Born term) omitted. For use below, isospin
relations allow this matrix element to be written as

hpp|J+
3 J

+
3 |nni = hnp|J (u)

3 J

(u)
3 |npi � 1

2
hnn|J (u)

3 J

(u)
3 |nni

�1

2
hnn|J (d)

3 J

(d)
3 |nni, (3)

where J

(q)
3 = q�3�5q.

Pionless e↵ective field theory: EFT(⇡/) [10–15] e�ciently
describes two-nucleon systems in the regime where mo-
menta are small compared to the pion mass. This is an
appropriate tool with which to address 2⌫�� decays at
heavier quark masses, but the inclusion of explicit pion
degrees of freedom will likely be required at the physi-
cal quark masses (0⌫�� decay probes higher momenta,
k ⇠ 100 MeV, in large nuclei and likely also requires
an EFT with explicit pion degrees of freedom). In what
follows, the dibaryon formalism of EFT(⇡/) is utilised,
using the conventions for the strong-interaction sector
described in Ref. [15]. The nucleon degrees of free-
dom are encoded in the field N , and the two-nucleon de-
grees of freedom enter as the isosinglet, ti, and isotriplet,
sa, dibaryon fields while yt and ys describe the cou-
plings between two nucleons and the dibaryon fields. In
this formalism, the single axial-current interactions enter
through the Lagrangian [16–19]

L(1) = �gA

2
N

†
W

a
3 �3⌧

a
N

�
 
gA +

l̃1,A

2M
p
rsrt

!⇣
W

a
3 t

†
3s

a + h.c.
⌘
, (4)

where rs(t) is the e↵ective range in the 1
S0(3S1)

two-nucleon channel, �i(⌧a) are Pauli matrices in
spin(flavour) space, gA and l̃1,A are the one- and two-
nucleon axial couplings, and W

a
3 is an axial isovector

field aligned in the j = 3 spatial direction. The second
term is constructed so that l̃1,A corresponds to a purely
two-body current e↵ect. The second-order isotensor axial
interaction in the 1

S0 channel enters as

L(2) = �
 
Mg

2
A

4�2
s

+
h̃2,S

2Mrs

!
Wab

s

a†
s

b
, (5)

where Wab = W

{a
3 W

b}
3 is the traceless symmetric com-

bination of two axial fields at the same location, h̃2,S

is the scalar isotensor weak two-nucleon coupling and
�s =

p
MBnn with the binding energy of the 1

S0 sys-
tem being Bnn (at the unphysical masses used herein,
the 1

S0 system is bound [20]).
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KL −KS mass difference from lattice QCD
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We report on the first complete calculation of the KL −KS mass difference, ∆MK , using lattice
QCD. The calculation is performed on a 2+1 flavor, domain wall fermion ensemble with a 330 MeV
pion mass and a 575 MeV kaon mass. We use a quenched charm quark with a 949 MeV mass to
implement Glashow-Iliopoulos-Maiani cancellation. For these heavier-than-physical particle masses,
we obtain ∆MK = 3.19(41)(96) × 10−12 MeV, quite similar to the experimental value. Here the
first error is statistical and the second is an estimate of the systematic discretization error. An
interesting aspect of this calculation is the importance of the disconnected diagrams, a dramatic
failure of the OZI rule.

INTRODUCTION

The KL −KS mass difference ∆MK , with a value of
3.483(6) × 10−12 MeV [1], is an important quantity in
particle physics which led to the prediction of the en-
ergy scale of the charm quark nearly fifty years ago [2–4]
and whose small size places strong constraints on possible
new physics beyond the standard model. This mass dif-

ference is believed to arise from K0-K
0
mixing caused by

second-order weak interactions. However, because ∆MK

is suppressed by 14 orders of magnitude compared to the
energy scale of the strong interactions and must involve
a change in strangeness of two units, this is a promis-
ing quantity to reveal new phenomena which lie outside
the standard model. A quantity closely related to ∆MK

is the indirect CP violation parameter ϵK , which arises
in the same mixing process. The experimental values of
∆MK and ϵK are both known very accurately, making
the precise calculation of ∆MK and ϵK within the stan-
dard model an important challenge.

As an example of new physics, consider a process which
occurs with unit strength but at a very high energy scale
Λ and which changes strangeness by two units. Such
a process might be represented at low energies as the
∆S = 2, four-fermion operator 1

Λ2 sdsd where s and d
are operators creating a strange quark and destroying
a down quark, respectively. Establishing the validity of
the standard model prediction for ∆MK at the 10% level
would then provide a lower bound on Λ: Λ ≥ 104 TeV –
an energy scale four orders of magnitude greater than is
effectively available in present laboratory experiments.

In perturbation theory, the standard model contribu-
tion to ∆MK is separated into short distance and long
distance parts. The short distance part receives the
largest contribution from momenta on the order of the
charm quark mass. In the recent NNLO perturbation
theory calculation of Brod and Gorbahn [5], the NNLO
terms were found to be as large as 36% of the leading or-

der (LO) and next-to-leading order (NLO) terms, raising
doubts about the convergence of the perturbation series
at this energy scale. At present the long distance part
of ∆MK is even less certain, with no available results
with controlled errors because the long-distance contribu-
tions are non-perturbative. However, an estimate given
by Donoghue et al. [6] suggests that the long distance
contributions may be sizable.
The calculation of ϵK is under much better control,

because it is CP violating and the largest contribution
involves momenta on the scale of top quark mass, where
perturbation theory should be reliable. However, the
same NNLO difficulties in predicting the charm quark
contribution to ϵK enters at the 8% level [5]. In addition
the long distance contribution to ϵK is estimated to be
3.6% by Buras et al. [7], again suggesting the need for a
reliable, non-perturbative method. Here long- and short-
distances refer to the space-time separation between the
two point-like, ∆S = 1 weak operators which enter the
calculation of ∆MK or ϵK when the internal loop mo-
menta are much less than the W boson mass. Conven-
tionally separations on the scale of 1/ΛQCD are referred
to as “long-distance”.
Lattice QCD provides a first-principles method to com-

pute non-perturbative QCD effects in electroweak pro-
cesses, in which all errors can be systematically con-
trolled. We have proposed a lattice method to com-
pute ∆MK and ϵK [8, 9]. An exploratory calculation of
∆MK [10] has been carried out on a 2+1 flavor, 163×32,
DWF ensemble with an unphysically large, 421 MeV pion
mass. We obtained a mass difference ∆MK which ranged
from 6.58(30)×10−12 MeV to 11.89(81)×10−12 MeV for
kaon masses varying from 563 MeV to 839 MeV. This
exploratory work was incomplete since we included only
a subset of the necessary diagrams.
In this letter, we report on a full calculation, including

all diagrams, with a lighter pion mass, larger volume and
improved statistics. The large lattice spacing and un-
physical quark masses used in the calculation presented
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deuteron systems, respectively. Here Zn ⇠ h0|�pp|ni and
Zm ⇠ h0|�nn|mi are overlap factors, and El = Enn + �l

and E

0
n = Enn + �

0
n are the energies of the lth and nth

excited states in the 3
S1 and 1

S0 channels, respectively.
Forming a ratio of Eq. (11) to the zero-field two-point

function,

R(t) =
C(t)

2C(nn)
0;0 (t)

, (12)

it is straightforward [7] (assuming isospin symmetry) to
show that

R̂(t) = R(t)� |hpp|J+
3 |di|2
�


e

�t � 1

�
� t

�
(13)

= t

X

l6=d

hpp|J+
3 |lihl|J+

3 |nni
El � Enn

+ c+ d e

�t +O(e��̂t),

where c and d involve complicated combinations of ex-
cited states, and �̂ is the minimum energy gap between
the ground- and first excited- state in either channel; and,
for these calculations, �̂ � �. Importantly, the coe�-
cient of the linear term determines the axial polarisability
and can be extracted from

R(lin)(t) =
(e� + 1)R̂(t+ 1)� R̂(t+ 2)� e

�R̂(t)

e

� � 1
(14)

at late times. Finally, this result can be combined with
the deuteron-pole contribution to give a quantity that
asymptotes to the bare Gamow-Teller matrix element at
late times,

R(full)(t) = R(lin)(t)� |hpp|J+
3 |di|2
�

t!1�! M

2⌫
GT

6Z2
A

. (15)

The four ratios used to determine M

2⌫
GT are shown in

Fig. 1 for both SS and SP source–sink combinations. Fits
are performed to the statistically more precise SP corre-
lators and the values of the total matrix element and
the short-distance contribution, normalised by the naive
deuteron-pole matrix element g2A/�, are given by

�

g

2
A

X

l6=d

hpp|J+
3 |lihl|J+

3 |nni
El � Enn

= �0.07(4)(3), (16)

1

6

�

g

2
A

M

2⌫
GT = �1.03(5)(3). (17)

In these expressions, the first uncertainties arise from sta-
tistical sampling and from systematic e↵ects from fitting
choices and deviations from Wigner symmetry [7]. The
second uncertainties encompass di↵erences between anal-
ysis methods. The leading discretisation e↵ects, which
are potentially large on the numerically smaller polaris-
ability term, are removed by normalising to the square of

-

-0.4

-0.2

0.0

0.2

0.4

0 2 4 6 8 10 12 14
-2.0

-1.5

-1.0

-0.5

0.0

FIG. 1. Ratios from Eqs. (12)–(15) used in the analysis. In
each panel, the orange diamonds (blue circles) correspond to
the SS (SP) data. The green bands show fits to the SP data
in the lower two panels. The SS data are slightly o↵set in the
horizontal direction for clarity. The di↵erence between the SS
and SP ratios in the upper two panels is due to contamination
that is removed in constructing the subsequent quantities in
the lower panels.

the proton axial charge computed using the same lattice
axial current on the same ensemble.

Discussion: The computed value ofM2⌫
GT that has been

determined above can be used to determine the unknown
EFT(⇡/) low-energy constant H2,S . Taking the values of
gA and the two-body single-current matrix element from
Ref. [6], and using the calculated binding energies and
e↵ective ranges of the two-nucleon systems [20, 28], the
result is H2,S = 4.7(1.3)(1.8) fm. The dominant contri-
bution to M

2⌫
GT comes from the deuteron pole with cou-

pling g2A. This is modified by two-body e↵ects in the axial

M
2
⌫

G
T

�
(I

=
2
)

A

M2⌫
GT = � |Mpp!d|2

Epp � Ed
+ �(I=2)

A

Isotensor axial polarisability
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Lowest moments of isovector quark and gluon distributions 
in light nuclei (~15% uncertainty at m! ~ 800 MeV and m! ~ 450 MeV)

Background field technique with twist-2 operator insertions

Show how EMC effect emerges from interactions between nucleons
Re-use two point functions, negligible additional cost:  
Predict gluonic analogue of EMC effect: benchmark for EIC program

Proposed Calculations

sible and will be considered (and may be efficient to add in future calculations that make use of
multigrid inverters not currently available for the KNL).
We are proposing to produce 1.3 ⇥ 105 sources per ensemble using 2000 configurations, from
which we expect to obtain the matrix elements of the twist-2 quark operators with a precision of
better than ⇠ 5%, and the associated EMC effect, using the knowledge gained from np ! dg and
proton-proton fusion cross sections, with precision at the ⇠ 15%-level. Similarly, at the SU(3)
symmetric point, mp ⇠ 806 MeV, we expect to find comparable determinations. The costs are
detailed in Table I.
For the unpolarized gluon distribution, the determination of matrix elements is computationally
less expensive, although statistically challenging. Matrix elements are determined by multiplying
nuclear two-point functions (constructed from simple forward propagators) by twist-two gluon op-
erators formed from the gluon field strength tensor (there are three towers of such operators). Gluon
distributions of single hadrons have been investigated recently [30, 31] and can be determined us-
ing gluon fields that have undergone gradient flow evolution to reduce statistical fluctuations. With
this technique, we expect that the number of sources considered above will be sufficient to extract
signals for the n = 2 operators. The additional computational cost for this part of the calculation
is negligible in comparison to that for the quark distributions since the nuclear two-point functions
needed are the same.

TASK Lattice Dimensions b mp (MeV) # of sources # of calls KNL Time [KNL-Hrs] CPU Time [J/y core-Hrs]

A: Inversions 323 ⇥96 6.1 450 1.3⇥105 18⇥1.3⇥105 2.03⇥105 -

A: Block Production 323 ⇥96 6.1 450 1.3⇥105 103⇥1.3⇥105 2.82⇥105 -

A: Contractions 323 ⇥96 6.1 450 1.3⇥105 103⇥1.3⇥105 - 6.9⇥106

B: Inversions 323 ⇥48 6.1 806 1.3⇥105 18⇥1.3⇥105 1.24⇥105 -

B: Block Production 323 ⇥48 6.1 806 1.3⇥105 103⇥1.3⇥105 2.82⇥105 -

B: Contractions 323 ⇥48 6.1 806 1.3⇥105 103⇥1.3⇥105 - 6.9⇥106

Total Request: 8.91⇥105 13.8⇥106

TABLE I: Resource requirements for the proposed production of light- and strange-quark propagators,
hadronic blocks and nuclear contractions.

We request 8.91⇥105 KNL-node hours and 13.8⇥106 J/y CPU-hours on clusters (at the
same location). We also request 20 TB of disk-storage (0.8⇥106 J/y core-hours) and 20 TB of
tape-storage (0.1⇥106 J/y core-hours). Our program is set up to run at JLab oN KNL and cluster
resources, but could also run at FermiLab with comparable resources.

1. Source, Propagator and Block Production

A significant part of the proposed set of calculations is the computation of the various quark prop-
agators on each gauge-field configuration. We are proposing to calculate quark propagators from
Gaussian-smeared sources with the goal of completing a high-statistics calculation of light nuclei
with A  4 in twist-2 background fields with six different strengths. We will use chroma, qdp-jit
and QPhiX on KNL machines. The sources for the propagators will be chosen so that a basis of
baryon wavefunctions can be built. The propagators are contracted together on the KNLs to form
baryon blocks which are then projected against linear momentum. For Intel KNL, the USQCD
SciDAC software project has already ported much of the workload of QCD calculations to run effi-
ciently on this architecture (in particular, the QPhiX [32] library implements very efficient solvers)
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