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Figure 5. (Upper left) 2me↵

N (t) (black bar) and the e↵ective energy E
e↵

NN (t) (red triangle) in the
1
S0 channel as a function of t/a on the 483⇥48 lattice from the wall source with the non-relativistic
operator. (Upper right) Same in the 3

S1 channel. (Middle left) E↵ective energy shift �E
e↵

NN (t),
together with the fit (statistical only) in the 1

S0 channel with the same lattice setup. (Middle right)
Same in the 3

S1 channel. (Lower left) Energy shift �ENN in the 1
S0 channel as a function of 1/L3

from the wall source with both non-relativistic (open circle) and relativistic operators (solid circle).
Shown together are the linear extrapolation in 1/L3 to the infinite volume. The errors are obtained
from statistical and systematic errors added in quadrature. (Lower right) Same in the 3

S1 channel.
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Figure 4. (Upper left) 2me↵

N (t) (black cross) and the e↵ective energy E
e↵

NN (t) (blue triangle) in
the 1

S0 channel as a function of t/a on the 483 ⇥ 48 lattice from the smeared source with the non-
relativistic operator. (Upper right) Same in the 3

S1 channel. (Middle left) E↵ective energy shift
�E

e↵

NN (t), together with the fit (statistical only) in the 1
S0 channel with the same lattice setup.

(Middle right) Same in the 3
S1 channel. (Lower left) Energy shift �ENN in the 1

S0 channel as a
function of 1/L3 from the smeared source with both non-relativistic (open square) and relativistic
operators (solid square). Shown together are the linear extrapolation in 1/L3 to the infinite volume.
The errors are obtained from statistical and systematic errors added in quadrature. (Lower right)
Same in the 3

S1 channel.

�ENN (1S0) = +[0.10(0.65)(+0.19
�0.01)] MeV and �ENN (3S1) = �[0.69(0.71)(+0.07

�0.00)] MeV.

– 15 –

Figure 10. The e↵ective energy shift �E
e↵

NN (t) in the 1S0 channel for both smeared and wall
sources. From the top to bottom, L3 = 323, 403, 483, 643. (Left) The results from non-relativistic
operators. The plateaux of Ref. [2] are also shown by black lines (central value and 1� statistical
errors) for comparison. (Right) The results from relativistic operators.
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Important condition of binding energy calculation
Traditional method in lattice QCD (NN channel)

nucleon correlation function

CN(t) = ⟨0|N(t)N(0)|0⟩ =
∑

n
⟨0|N |n⟩⟨n|N |0⟩e−EN

n t −−−−−−→
t≥tN≫1

AN
0 e−mNt

NN correlation function

CNN(t) = ⟨0|ONN(t)ONN(0)|0⟩ =
∑

n
⟨0|ONN |n⟩⟨n|ONN |0⟩e−Ent

−−−−−−−→
t≥tNN≫1

A0 e
−ENNt

Ratio of correlation functions

R(t) =
CNN(t)

(CN(t))2
−−−−−→
t≥tR≫1

A′
0 e

−∆Et, ∆E = ENN − 2mN

Important condition: tR ≥ tN, tNN

i.e. CN(t) and CNN(t) are written by each ground state in t ≥ tR

6

from Iritani et al [HALQCD], JHEP1610(2016)101
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When single hadrons are in 
ground state there is 
consistency between extracted 
energy or energy shifts

Important condition of binding energy calculation
Traditional method in lattice QCD (NN channel)

nucleon correlation function

CN(t) = ⟨0|N(t)N(0)|0⟩ =
∑

n
⟨0|N |n⟩⟨n|N |0⟩e−EN

n t −−−−−−→
t≥tN≫1

AN
0 e−mNt

NN correlation function

CNN(t) = ⟨0|ONN(t)ONN(0)|0⟩ =
∑
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(CN(t))2
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−∆Et, ∆E = ENN − 2mN

Important condition: tR ≥ tN, tNN

i.e. CN(t) and CNN(t) are written by each ground state in t ≥ tR
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from Iritani et al [HALQCD], JHEP1610(2016)101



HAL2016 Different ∆Eeff from two sources
[HALQCD, JHEP1610(2016)101;JHEP1903(2019)007]

Wall and Exp sources give different ∆E

Figure 15. The reconstructed e↵ective energy shifts �Ee↵(t, t0 = 13a) for the wall source (red
bands) and the smeared source (blue bands) at L = 40, 48 and 64. The e↵ective energy shifts in
the direct method are also shown for the wall (red circles) and smeared (blue squares) sources. The
black dashed lines are the energy shifts for the ground state of the HAL QCD Hamiltonian in the
finite volume evaluated at t0/a = 13. (Left) 0  t/a  24. (Right) 0  t/a  175.

– 26 –

Based on HALQCD potential
∆Eexp

NN has large contamination from excited states

∆Ewall
NN is almost flat

Important: check using variational analysis → large computational cost
This work: check with high precision calculation

9

from Iritani et al [HALQCD], JHEP1610(2016)101

NB: this fig now for ΞΞ rather than NN, but same behaviour seen
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Based on HALQCD potential
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NN has large contamination from excited states

∆Ewall
NN is almost flat

Important: check using variational analysis → large computational cost
This work: check with high precision calculation

9

For more details, see extensive high statistics study by PACS-CS  
T. Yamazaki et al [PACS collaboration], LATTICE 2017  arXiv:1710.08066 
updates in YITP workshop in 2019 
http://www2.yukawa.kyoto-u.ac.jp/~flqcd2019/slides/Yamazaki.pdf

from Iritani et al [HALQCD], JHEP1610(2016)101

NB: this fig now for ΞΞ rather than NN, but same behaviour seen

http://arxiv.org/abs/arXiv:1710.08066


PACS 2017 HIGH STATISTICS

NB: have exp & wall  rather than smeared & wall, quenched cfgs

R(t) = CNN(t)/(CN(t))2 in L = 20

Effective 2mN and ENN
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Simulation parameters
High precison calculation in Nf = 0 mπ = 0.8 GeV

Iwasaki gauge (β = 2.416, a−1 = 1.541 GeV) + tadpole imporved Wilson fermion actions
same action as ’02 CP-PACS, PRD81:111504(R)(2010); PRD84:054506(2011)

Compare exponential and wall sources in NN 3S1 channel
roughly correspond to ⟨0|ONN(t)OL(0)|0⟩ and ⟨0|ONN(t)ONN(0)|0⟩

L T source Nmeas
16 64 Exp 15,544,000

Wall 8,307,200
20 64 Exp 5,504,000

Wall 4,480,000
32 64 Exp 10,496,000

Wall 8,307,200

All results are preliminary.

Computational resources (HPCI System Research Project: hp160124)

COMA and HA-PACS(U. of Tsukuba), FX10 and Reedbush (U. of Tokyo), Tatara (Kyushu U.),

FX100 and CX400(Nagoya U.), OFP(JCAHPC)

11

Completely  
consistent  
in plateau  
regions

Amazing statistics!

Completely  
consistent  
in plateau  
regions once  
single hadron 
in ground 
state

T. Yamazaki et al [PACS collaboration], LATTICE 2017  arXiv:1710.08066  
Comparison of different source calculations in two-nucleon channel at large quark mass

http://arxiv.org/abs/arXiv:1710.08066
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INTENSITY FRONTIER

THE INTENSITY FRONTIER

▸ Seek new physics through quantum effects 

▸ Precise experiments 

▸ Sensitivity to probe the rarest interactions  
of the SM 

▸ Look for effects where there is no SM contribution 

▸ Major component is nuclear targets 

▸ Important focus of HEP/NP experimental program  

▸ Neutrino physics 

▸ Dark matter direct detection 

▸ Charged lepton flavour violation, EDMs, ββ-decay, 



INTENSITY FRONTIER

LONG BASELINE NEUTRINO EXPERIMENTS
▸ Deep Underground Neutrino 

Experiment 

▸ Flagship facility for US HEP for next 
decades  

▸ Determine neutrino mass hierarchy 
and extract mixing parameters 

▸ Neutrino scattering on argon target 

▸ Need fluxes/energies to high 
accuracy 

▸ Need to know interactions with 
argon over a wide range of energies

Diwan et al, Ann. Rev. Nucl. Part. Sci. 66, 47 (2016)

Normal Inverted

Neutrino Mass2



INTENSITY FRONTIER

NUCLEI IN NEW PHYSICS

▸ Scalar currents 

▸ Dark matter direct detection 

▸ Lepton flavour violation: μ2e 

▸ Precision spectroscopy 

▸ Tensor currents 

▸ Electric dipole moments of 
neutrons and nuclei 

▸ Neutrinoless double beta decay   



INTENSITY FRONTIER

NUCLEAR UNCERTAINTIES
▸ How well do we know nuclear matrix 

elements? 

▸ Gamow-Teller transitions in nuclei  

▸ Well measured for large range  
of nuclei (30<A<60)  

▸ Many nuclear structure calculations 
(shell-model,…)  describe 
spectrum well 

▸ Matrix elements systematically off 
by 20–30%  

▸ Correct using 2 body currents 

▸ Fundamental understanding from 
QCD

P Gysbers et al, Nature Phys. 15 (2019) no.5, 428-431
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INTENSITY FRONTIER

PRECISION NUCLEAR PHYSICS

▸ Very challenging to explore all of NP from QCD 

▸ Exploit effective degrees of freedom 

▸ Establish quantitative control through  
linkages between different methods 

▸ QCD forms a foundation  
determines few body  
interactions & matrix  
elements 

▸ Match existing EFT and  
many body techniques  
onto QCD

QCD

Exact many body:
GFMC, NCSM,

lattice EFT

Shell model, 
coupled cluster, 

configuration-interaction

Density 
Functional,
Mean field



HADRONS AND NUCLEI

QCD FOR NUCLEAR PHYSICS
▸ Nuclear physics is Standard 

Model physics 

▸ Can compute the mass of 
lead nucleus ... in principle  

▸ Complex physics 

▸ Wide range of scales 

▸ Closely spaced excitations 

▸ Numerical challenges:  

▸  Statistical sampling  

▸ Contraction complexity



HADRONS AND NUCLEI

QCD FOR NUCLEAR PHYSICS

0.002  mu
0.005  md

0.095  ms

1.275  mc

4.18  mb

172  mt

GeV

▸ Nuclear physics is Standard 
Model physics 

▸ Can compute the mass of 
lead nucleus ... in principle  

▸ Complex physics 

▸ Wide range of scales 

▸ Closely spaced excitations 

▸ Numerical challenges:  

▸  Statistical sampling  

▸ Contraction complexity



HADRONS AND NUCLEI

QCD FOR NUCLEAR PHYSICS

0.002  mu
0.005  md

0.095  ms

1.275  mc

4.18  mb

172  mt

GeV

0.250 ΛQCD

▸ Nuclear physics is Standard 
Model physics 

▸ Can compute the mass of 
lead nucleus ... in principle  

▸ Complex physics 

▸ Wide range of scales 

▸ Closely spaced excitations 

▸ Numerical challenges:  

▸  Statistical sampling  

▸ Contraction complexity



HADRONS AND NUCLEI

QCD FOR NUCLEAR PHYSICS

0.938  Mp

195  MPb

68  MGe

1.875  MD

0.002  mu
0.005  md

0.095  ms

1.275  mc

4.18  mb

172  mt

GeV

0.250 ΛQCD

▸ Nuclear physics is Standard 
Model physics 

▸ Can compute the mass of 
lead nucleus ... in principle  

▸ Complex physics 

▸ Wide range of scales 

▸ Closely spaced excitations 

▸ Numerical challenges:  

▸  Statistical sampling  

▸ Contraction complexity



HADRONS AND NUCLEI

QCD FOR NUCLEAR PHYSICS

0.938  Mp

195  MPb

68  MGe

1.875  MD

0.002  mu
0.005  md

0.095  ms

1.275  mc

4.18  mb

172  mt

GeV

0.250 ΛQCD

▸ Nuclear physics is Standard 
Model physics 

▸ Can compute the mass of 
lead nucleus ... in principle  

▸ Complex physics 

▸ Wide range of scales 

▸ Closely spaced excitations 

▸ Numerical challenges:  

▸  Statistical sampling  

▸ Contraction complexity

994

904
868
820
778

659

598
551
499

364

67

0

keV
9/2+

1/2-,3.2-
11/2+

3/2+,5/2+

9/2+

5/2-,7/2-
5/2+,13/2+
7/2+

3/2-

1/2-

9/2+

73Ge



HADRONS AND NUCLEI

NUCLEI
▸ New algorithms enabling 

study of nuclei 

▸ Efficient contractions 

▸ Graph theory & 
recursions [WD & Savage 2011;  
WD & Orginos 2012, Doi&Endres 2012; 
Gunther&Varnhorst 2013; WD & Vachaspati 2014] 

▸ Better statistical 
estimators  
[WD & Endres  2014, Wagman &Savage 2016; 
WD, Kanwar & Wagman 2018, Murphy et al. 2019] 

▸ … and lots of computing!

Nucleus Naive Optimised

4He 250,000 ~100

8Be 1031 107

208Pb 101300 ?

cost(NAZ)

cost(proton)
⇠ (2Z +N)!(2N + Z)!

<latexit sha1_base64="x5YPUA2rIZT7l+zk+AEACEIZrN4="></latexit><latexit sha1_base64="x5YPUA2rIZT7l+zk+AEACEIZrN4="></latexit><latexit sha1_base64="x5YPUA2rIZT7l+zk+AEACEIZrN4="></latexit><latexit sha1_base64="x5YPUA2rIZT7l+zk+AEACEIZrN4="></latexit>

Cost Ratio

/2



CASE STUDY: NUCLEI IN LQCD

NPLQCD
▸ Case study QCD with unphysical quark 

masses (mπ~800 MeV, 450 MeV) 

1.  Spectrum and scattering of light nuclei 
(A<5) [PRD 87 (2013), 034506] 

2.  Nuclear structure: magnetic moments, 
polarisabilities (A<5) [PRL 113,  252001 (2014), PRL 116,  
112301 (2016)] 

3.  Nuclear reactions: np→dγ [PRL 115, 132001 (2015)] 

4.  Gamow-Teller transitions: pp→deν, gA(3H) 
[PRL 119 062002 (2017)] 

5. Double β decay: pp→nn  
[PRL 119, 062003 (2017)] 

6. Parton structure (A<4) [PRD 96 094512 (2017)] 

7. Scalar/tensor currents (A<4) [PRL 2018]
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HADRONS AND NUCLEI

NUCLEI (IN A HEAVY QUARK UNIVERSE, Mπ~800 MEV)

A=2 A=3 A=4 A=5

-300

-250

-200

-150

-100

-50

0

[NPLQCD collaboration, PRD 2013]

▸ 2013: first QCD calculation of nuclei  (heavy masses as numerically cheaper)



HADRONS AND NUCLEI

▸ Combine LQCD and nucleon based many-body effective field theory (EFT) methods  

▸ Matching to LQCD determines NN, NNN interactions: allows predictions for larger 
nuclei 
 
 
 
 
 
 
 
 
 
 

▸ Further studies extend to complex nuclei such as 16O [Contessi et al, Bansal et al.]

Match Verify Predict

EFT

LQCD

-200

-150

-100

-50

0

[Barnea et al, PRL 2015]

NUCLEI (IN A HEAVY QUARK UNIVERSE, Mπ~800 MEV)

MORE  EFFECTIVE: 
DIRECTLY MATCH FV 

ENERGIES IN LQCD AND 
EFT



NUCLEAR STRUCTURE

MAGNETIC STRUCTURE

▸ Hadron/nuclear energies are modified by 
presence of fixed external fields 

▸ Eg: fixed B field 

▸ QCD calculations with multiple fields enable 
extraction of coefficients of response 

▸ Magnetic moments, polarisabilities, … 

▸ Similar techniques to study EW interactions, 
DM interactions, twist-2 matrix elements

[NPLQCD PRL 2014,PRD 2014]



HADRONS AND NUCLEI

MAGNETIC STRUCTURE

[NPLQCD PRL 2014,PRD 2014]

▸ LQCD calculation of nuclear magnetic 
moments (µ) and magnetic polarisabilities 
(β, deformation in B field) 

▸ Simple shell model expectations  
 
 
 
 
 
 
 
 

▸ Lattice results suggest heavy quark mass 
nuclei are shell-model like!
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HADRONS AND NUCLEI

BIG BANG NUCLEOSYNTHESIS
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▸ Light nuclei are formed during the initial few 
minutes after the Big Bang 

▸ First nuclear reaction: slow neutron capture np→d𝛄  

▸ 2015: First QCD calculation of a nuclear 
reaction 

▸ Reproduced measured rate  

▸ Ready to make predictions

[NPLQCD,  PRL 2015]



INTENSITY FRONTIER

ELECTROWEAK PROCESSES
▸ Single β-decay 

LQCD calculation of decay of tritium  

▸ Double β-decay 

▸ Neutrinoful case is rarest process observed 

▸ Neutrinoless case 

▸ Majorana particles? Lepton number 
violation? Baryon asymmetry? 

▸ Rates depend on nuclear matrix elements 

▸ Currently quite uncertain but important 
for design of future DBD search 
experiments 

▸ Proton-Proton fusion powering the Sun
e-

X
ν

e-

Neutrinoless double β-decay

[NPLQCD, PRL 2017]

e-

ν

Beta decay
e-

e-

ν
ν

Two neutrino double β-decay



AXIAL MATRIX ELEMENTS

TRITIUM BETA DECAY

▸ Tritium decay half life 
 

▸ Biggest uncertainty in  
 

▸ Form ratios of correlators in 
axial background fields to 
extract QCD matrix element



AXIAL MATRIX ELEMENTS

MASS DEPENDENCE OF TRITON AXIAL CHARGE

PRELIMINARY



AXIAL MATRIX ELEMENTS

PROTON-PROTON FUSION
▸ First step in chain of reactions powering 

stars like the sun 

▸ Intricate process involve all three SM 
forces 

▸ Difficult to measure (Coulomb barrier) 

▸ 2017: LQCD calculation of pp fusion rate 

▸ Uncertainties competitive with 
phenomenological extractions 

▸ Next generation calculations will 
improve precision  

▸ Improve solar modelling 

[NPLQCD, PRL 2017]
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INTENSITY FRONTIER

DOUBLE BETA DECAY
▸ QCD calculation of subprocess  
nn→ppe-e-νν  
[NPLQCD, PRL 2017b] 

▸ Revealed significant nuclear effects 
(even beyond gA quenching) 
 
 
 

▸ Beginning calculations of neutrinoless 
processes 
[WD, Murphy 1811.0554] 

▸ Disallowed pion transition as a test 

▸ Light nuclei are next

[NPLQCD, PRL 2017; WD, Murphy 1811.0554]
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▸ DM direct detection experiments search for recoil of 
nucleus from DM scattering 

▸ One popular class of DM interactions is through 
scalar exchange  

▸ Direct detection depends on nuclear matrix element 
 

▸ At hadronic/nuclear level

INTENSITY FRONTIER

DARK MATTER INTERACTIONS

L =
GF

2

X

q

q(��)(qq)
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INTENSITY FRONTIER

NUCLEON SCALAR COUPLING
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σπN (MeV)

χ χ

▸ Single nucleon contribution 
 
 

▸ Calculated in LQCD 

▸ Results from many groups

Summary from Shanahan 2016



INTENSITY FRONTIER

NUCLEAR EFFECTS CAN BE LARGE!
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[NPLQCD, PRL 2018]

χ χ

▸ LQCD study of scalar 
couplings for A=1,2,3 

▸ Unexpectedly large (~10%) 
deviation from sum of nucleon 
matrix elements for A=3 

▸ Naive extrapolation to  
136Xe implies significant  
consequences for dark  
matter detection sensitivity

Deviation from naive sum of nucleons



Encoded in EMC-type effects  

EMC-type effects from Lattice QCD
Understanding the quark and gluon 

structure of matter

How is the partonic structure 
of nucleons modified in nuclei? 

Longitudinal momentum fraction

D
IS

 X
-s

ec
tio

n 
ra

tio

(EMC: Aubert et al., 1983)

Thanks to Phiala for slides!



Classic EMC effect is defined in F2: 
 
 

               x-integrals of numerator and     
               denominator

First investigation of EMC-type effects from LQCD:  
Nuclear effects in Mellin moments of PDFs 

EMC effects in Mellin moments 

[Eskola et al., Eur. Phys. J. C 163 (2017)]

Nuclear momentum fractions

Fit

Global fits to available data constraining nuclear PDFs (charged lepton DIS, neutrino DIS, Drell-Yan, …) 
performed by multiple groups: EPPS, nCTEQ, DSSZ, …
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing

123
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are well reproduced, the scatter of the data from one nucleus
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dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
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dent from the figure, these data set into the EPPS16 fit without
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ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
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dent from the figure, these data set into the EPPS16 fit without
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Integrate nuclear 
and nucleon 
PDFs

Eskola, Paakkinen,  Paukkunen, 
Salgado, Eur. Phys. J. C 163 (2017)

Nuclear matrix elements of         and        probe   -integrated EMC effect. Phenomenological expectations?T q
µ⌫
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Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/

√
s)e±y

where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/

√
s)e−y

and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing

123

Eur. Phys. J. C (2017) 77 :163 Page 17 of 28 163

EMC (chariot) × offset 0.92
EMC (addendum)
EPPS16

F
A 2
(x
,Q

2 )
/F

D 2
(x
,Q

2 )

F
A 2
(x
,Q

2 )
/F

D 2
(x
,Q

2 )

F
A 2
(x
,Q

2 )
/F

Li 2
(x
,Q

2 )

Fig. 13 Ratios of structure functions for various nuclei as measured
by the NMC [73,74] and EMC [78] collaborations, compared with the
EPPS16 fit. In the rightmost panel the labels “addendum” and “chariot”

refer to the two different experimental setups in Ref. [78]. For a better
visibility, some data sets have been offset by a factor of 0.92 as indicated

ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
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xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
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ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
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The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
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no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/
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and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing
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ing to Eq. (53). The error bars shown on the experimental
data correspond to the statistical and systematic errors added
in quadrature. The charged-lepton DIS data are shown in
Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
what different from those e.g. in the EPS09 paper. On aver-
age, the data are well reproduced by the fit. In some cases the
uncertainty bands are rather asymmetric (see e.g. the NMC
data panel in Fig. 15) which was the case in the EPS09 fit as
well. This is likely to come from the fact that the A depen-
dence is parametrized only at few values of x (small-x limit,
xa , xe) and in between these points the A dependence appears
to be somewhat lopsided in some cases. The Q2 dependence
of the data visible in Figs. 12 and 14 is also nicely consistent
with EPPS16.

The pA vs. pD Drell–Yan data are shown in Figs. 16 and
17. In the calculation of the corresponding differential NLO
cross sections dσDY/dxdM we define x1,2 ≡ (M/
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where M is the invariant mass and y the rapidity of the dilep-
ton. The scale choice in the PDFs is Q = M . While these data
are well reproduced, the scatter of the data from one nucleus
to another is the main reason we are unable to pin down any
systematic A dependence for the sea quarks at xa (some A
dependence develops via DGLAP evolution, however). For
example, as is well visible in Fig. 17, it is not clear from the
data whether there is a suppression or an enhancement for
x ! 0.1.

The pion–A DY data are presented in Fig. 18. As is evi-
dent from the figure, these data set into the EPPS16 fit without
causing a significant tension. Overall, however, the statisti-
cal weight of these data is not enough to set stringent addi-
tional constraints to nuclear PDFs. Similarly to the findings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but the x2 dependence of the data is well
in line with the fit.

The collider data, i.e. new LHC pPb data as well as the
PHENIX DAu data, are shown in Fig. 19. To ease the inter-
pretation of the LHC data (forward-to-backward ratios), the
baseline with no nuclear effects in PDFs is always indicated
as well. The baseline deviates from unity for isospin effects
(unequal amount of protons and neutrons in Pb) as well as
for experimental acceptances. For the electroweak observ-
ables, the nuclear effects cause suppression in the computed
forward-to-backward ratios (with respect to the baseline with
no nuclear effects) as one is predominantly probing the region
below x ∼ 0.1 where the net nuclear effect of sea quarks has
a downward slope toward small x . Very roughly, the probed
nuclear x-regions can be estimated by x ≈ (MW,Z/
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and thus, toward more forward rapidities (y > 0) one probes
smaller x than in the backward direction (y < 0). The sup-
pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
In the case of dijets, the nuclear PDFs are sampled at higher
x and, in contrast to the electroweak bosons, an enhancement
is observed. In our calculations, this follows essentially from
antishadowed gluons becoming divided by EMC-suppressed
gluon distributions; see Ref. [70] for more detailed discus-
sions. The PHENIX pion data [31] is also well consistent
with EPPS16, though, for the more precise CMS dijet data,
its role is no longer as essential as in the EPS09 analysis.

Finally, comparisons with the CHORUS neutrino and
antineutrino data are shown in Figs. 20 and 21. The data
exhibit a rather typical pattern of antishadowing followed by
an EMC effect at large x . The incident beam energies are not
high enough to reach the small-x region where a shadowing

123

Integrate nuclear 
and nucleon 
PDFs

Eskola, Paakkinen,  Paukkunen, 
Salgado, Eur. Phys. J. C 163 (2017)

Nuclear matrix elements of         and        probe   -integrated EMC effect. Phenomenological expectations?T q
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• BUT EMC effects in moments are very small



• Lowest Mellin moment of spin-independent PDF defines fraction of 
momentum of nucleus A carried by parton of type f 
 
 

• Momentum sum rule implies nucleus-independent ratio of quark and gluon 
EMC effects in the first moment 

Momentum fraction of nuclei
First investigation of EMC-type effects from LQCD:  

Nuclear effects in Mellin moments of PDFs 

X

f=q,g

hxifh = 1
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Matrix elements of the Energy-Momentum Tensor in light nuclei                              
               first QCD determination of momentum fraction of nuclei 

• Few-percent determination of quark momentum fraction  
~10% determination of strange quark contributions 

PRELIMINARY

Momentum fraction of nuclei

Isoscalar 
(BARE)

m𝞹 ~800 MeV



Matrix elements of the Energy-Momentum Tensor in light nuclei                              
               first QCD determination of momentum fraction of nuclei 

• Few-percent determination of quark momentum fraction  
~10% determination of strange quark contributions 

PRELIMINARY

Momentum fraction of nuclei

Strange 
(BARE)

m𝞹 ~800 MeV



Matrix elements of the Energy-Momentum Tensor in light nuclei                              
               first QCD determination of momentum fraction of nuclei 

• Bounds on EMC effect in moments at ~few percent level, consistent with 
phenomenology 

PRELIMINARY

Momentum fraction of nuclei
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Matrix elements of the Energy-Momentum Tensor in light nuclei                              
               first QCD determination of momentum fraction of nuclei 

• Bounds on EMC effect in moments at ~few percent level, consistent with 
phenomenology 

PRELIMINARY

Momentum fraction of nuclei

Ratio of quark momentum fraction in nucleus to nucleon

• No mixing 

• No sum rule constraint

Isovector

Normalised to  
proton result
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Matrix elements of the spin-independent gluon operator in nucleon + 
light nuclei                            
               first determination of gluon momentum fraction of nuclei 

Gluon momentum fraction of nuclei
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Doubly challenging: 

• Nuclear matrix element 

• Gluon observable (suffer 
from poor signal-to-noise) 

• BUT: clean signals at ~5% 
precision

[NPLQCD PRD96 094512 (2017)]  



Matrix elements of the spin-independent gluon operator in nucleon + 
light nuclei [NPLQCD PRD96 094512 (2017)]                              
               first determination of gluon momentum fraction of nuclei 

• Constraints at ~10% level on EMC-effect in gluon momentum fraction 

• Small mixing with quark EMT operators (neglected) 

• Sum rule constraint 
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Gluon momentum fraction of nuclei



Momentum fractions of nuclei
• First determination of all components of momentum 

decomposition of light nuclei 

• Small mixing between quark and gluon EMT operators neglected 

• Constraint on either quark or gluon EMC in this quantity implies 
constraint on the other from sum rules: 
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Exotic glue in the deuteron

Contributions to nuclear 
structure from gluons not 
associated with individual 
nucleons in nucleus 
 
Exotic glue operator:

‘Exotic’ Glue in the Nucleus

Phiala Shanahan (MIT) Exotic Glue in the Nucleus September 13, 2016 3 / 15

‘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

Phiala Shanahan (MIT) Exotic Glue in the Nucleus September 13, 2016 3 / 15

Jaffe and Manohar, “Nuclear Gluonometry”  
Phys. Lett. B223 (1989) 218

nucleon 

nucleus

a “pure” EMC-type effect

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

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



Exotic glue in the deuteron

Double helicity flip structure function Δ(x,Q2): 
changes both photon and target helicity by 2 unitsDouble Helicity Flip Gluon Structure Function: �(x,Q2)

Double helicity flip amplitude:

Photon helicity
Target helicity

Phiala Shanahan (MIT) Exotic Glue in the Nucleus September 13, 2016 5 / 15

Unambiguously gluonic: no analogous 
quark PDF at twist-2

Non-vanishing in forward limit for targets 
with spin≥1

Experimentally measurable in unpolarised 
electron DIS on polarised target

Nitrogen target: JLab LoI 2015

Polarised nuclei at EIC

Moments calculable in LQCD

a “pure” EMC-type effect
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quark PDF at twist-2

Non-vanishing in forward limit for targets 
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Moments calculable in LQCD
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This expression is much simplified in the Bjorken limit:

lim
Q2!1

d�

dx dy d�
=

e
4
ME

4⇡2Q4


xy

2
F1(x,Q

2) + (1� y)F2(x,Q
2)� x(1� y)

2
�(x,Q2) cos 2�

�
,

(6)
with higher twist terms and vanishing kinematic corrections ignored. Here � is the angle
between the scattering plane and the target spin orientation. If the target is polarized
in the opposite direction, the same cross section is obtained, so that the e↵ect is not
sensitive to the polarization of the target, but rather the alignment.

A partonic interpretation of �(x,Q2) can be defined for a target in the infinite mo-
mentum frame with its spin in the x̂ direction, perpendicular to momentum. For the
probability of finding a gluon with momentum fraction x and linearly polarized in the
x̂,ŷ direction gx̂,ŷ(x,Q2), we have

�(x,Q2) =
↵S(Q2)

2⇡
TrQx
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Z 1

x

dy
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�
gx̂(x,Q

2)� gŷ(x,Q
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�

(7)

for quark charge matrix Q = diag(2/3,�1/3,�1/3).
Sather and Schmidt [4] outline the scaling behavior of �(x,Q2), and calculate the

size of its first moment in the bag model for the spin-3⁄2 particle, �++:

Z 1

0
dx x�(x,Q2) = �0.012↵s(Q

2). (8)

�(x,Q2) may prove to be even smaller for a spin-1, nuclear target. Further lattice QCD
exploration of heavy mesons should shed light on the moments of � we might encounter
in light nuclear targets.

2. Experiment

Our investigation into the prospects of a measurement of �(x,Q2) remains prelimi-
nary, however several key requirements have already introduced challenging experimental
constraints, particularly in the choice of target. The need for a transversely polarized
target brings complications, but successful experiments at JLab and SLAC show that
the JLab/UVa solid polarized target presents a dependable solution [5]. The fact that
we search for truly nuclear e↵ects leads us toward heavier nuclei. Nitrogen and lithium
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with higher twist terms and vanishing kinematic corrections ignored. Here � is the angle
between the scattering plane and the target spin orientation. If the target is polarized
in the opposite direction, the same cross section is obtained, so that the e↵ect is not
sensitive to the polarization of the target, but rather the alignment.

A partonic interpretation of �(x,Q2) can be defined for a target in the infinite mo-
mentum frame with its spin in the x̂ direction, perpendicular to momentum. For the
probability of finding a gluon with momentum fraction x and linearly polarized in the
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for quark charge matrix Q = diag(2/3,�1/3,�1/3).
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3

where Q denotes the quark charge matrix and at leading
order there is no dependence on the factorization scale.

In a spin-one target with polarization E and E0, the
forward matrix element of the operator O is

hpE0
|Oµ⌫µ1...µn |pEi

= (�2i)n�2 1

2
S [{ (pµE

0⇤
µ1

� pµ1E
0⇤
µ

)(p⌫Eµ2 � pµ2E⌫)

+ (µ $ ⌫)} pµ3 . . . pµn ]An(µ2),
(10)

where ‘S’ is as above2.
The reduced matrix elements An, for even n, can be

related to moments of the structure function �(x,Q2).
Writing the subtracted dispersion relation for the double-
helicity-flip part of the matrix element of Tµ⌫ (Eq. (7))
and using the optical theorem to relate the imaginary
part of the matrix element of Tµ⌫ to Wµ⌫ (and hence to
�(x,Q2)) gives the identification

Mn(Q2) = Cn(Q2, Q2)
An(Q2)

2
, n = 2, 4, 6 . . . , (11)

where An is renormalized at the scale µ2 = Q2, and

Mn(Q2) =

Z 1

0
dxxn�1�(x,Q2) (12)

are the Mellin moments of �(x,Q2).
The structure function �(x,Q2) also has a parton

model interpretation. For a target in the infinite momen-
tum frame polarized in the x̂ direction perpendicular to
its momentum (defined to be in the ẑ direction),

�(x,Q2) = �
↵s(Q2)

2⇡
TrQ2 x2

Z 1

x

dy

y3
�G(y,Q2), (13)

where �G is again renormalized at the scale µ2 = Q2,
and

�G(x, µ2) = gx̂(x, µ
2) � gŷ(x, µ

2). (14)

Here gx̂,ŷ(x, µ2) denotes the probability of finding a gluon
with longitudinal momentum fraction x linearly polar-
ized in either of the transverse directions, x̂ or ŷ, in the
transversely polarized target.

III. LATTICE CALCULATIONS

In order to calculate the reduced matrix elements An

appearing in Eqs. (10) and (11) using lattice QCD, we
must calculate the expectation values of local operators

2
This definition of An di↵ers from that in Ref. [7] by a factor of

two, chosen for convenience for the discussion of the So↵er bound

in this work.

of the form of Eq. (8). Here we describe these lat-
tice calculations, discuss the construction of appropri-
ate Euclidean-space local operators for the n = 2 case,
and summarize the methods used to extract the corre-
sponding reduced matrix element A2. Since this is an
exploratory calculation, it is performed at a single set of
lattice parameters and a number of systematic issues are
left to future work.

A. Lattice Simulation

Calculations were performed on an ensemble of
isotropic gauge-field configurations with Nf = 2 + 1
flavours of dynamical quarks. Specifics of this ensemble
are given in Table I [16]. The lattices have dimensions
L3

⇥T = 243⇥64 with lattice spacing a = 0.1167(16) fm.
The Lüscher-Weisz gauge action [17] was employed with a
clover-improved quark action [18] with one level of stout
link smearing (⇢ = 0.125) [19]. The clover coe�cient
was set equal to its tree-level tadpole-improved value.
The light quark masses are such that the pion mass is
450(5) MeV and the strange quark mass is such that the
resulting mass of the � is 1040(3) MeV.

B. Lattice Operator Construction

In this work we consider the lowest dimension (n = 2)
operator of the tower in Eq. (8):

Oµ⌫µ1µ2 = S [Gµµ1G⌫µ2 ] . (15)

The symmetrized and trace-subtracted operator trans-
forms irreducibly as (2, 2) under the Lorentz group and
does not mix with quark-bilinear operators of the same
dimension under renormalization (this operator mixes
into higher twist four-quark operators, but the reverse
mixing is highly suppressed). On a hypercubic lattice,
the Lorentz group is reduced to the hypercubic group
H(4), increasing the possibilities for operator mixing.

Lattice operators with the appropriate continuum be-
havior that are safe from mixing with lower or same-
dimensional operators can be constructed by considering
their symmetry properties under H(4). The basic build-
ing block of such operators is

O
(E)
µ⌫µ1µ2

= G(E)
µµ1

G(E)
⌫µ2

, (16)

where symmetrisation of indices is not implied.
The transformation properties of quark operators with

the symmetries of Eq. (16) under H(4) were described,
for the n = 2 case, in Ref. [20]. We use the same nota-
tion as in that work, with the 20 inequivalent irreducible

representations of H(4) denoted by ⌧ (d)
k

where d denotes
the dimension of the representation and k distinguishes
between inequivalent representations of the same dimen-
sion. Using the embedding of H(4) into GL(4) to classify

⇥
gx̂(y,Q

2)� gŷ(x,Q
2)
⇤

Exotic glue in the deuteron
a “pure” EMC-type effect

Double helicity flip structure function Δ(x,Q2): 
changes both photon and target helicity by 2 units



Non-nucleonic glue in deuteron
Contributions to nuclear structure 
from gluons not associated with 
individual nucleons in nucleus

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

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

nucleon: 

nucleus:

• First moment of gluon transversity 
distribution in the deuteron  
[Jaffe, Manohar PLB223 (1989) 218] 

• First evidence for non-nucleonic gluon 
contributions to nuclear structure: LQCD 

with m𝞹 ~800 MeV [NPLQCD PRD96 (2017)]  

• Magnitude relative to momentum 
fraction as expected from large-Nc

Signal in LQCD data
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FROM QCD TO NUCLEI

OUTLOOK
▸ Nuclei are under study directly from QCD 

▸ Spectroscopy of light nuclei and exotic nuclei 

▸ Structure: magnetic moments, parton 
structure 

▸ Interactions: np→dγ, pp→ de+ν, nn→pp, DM 

▸ Prospect of a quantitative connection to QCD  
makes this an exciting time for nuclear physics 

▸ Critical role in current and upcoming intensity  
frontier experimental program 

▸ Exponential improvements needed for larger 
nuclei: machine learning & quantum computing


