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Neutrino oscillation experiments

Phiala Shanahan, MIT

Seek to determine neutrino mass hierarchy, 
mixing parameters, CP violating phase

Lattice QCD: direct non-perturbative 
QCD predictions for nucleon and 
nuclear matrix elements  

e.g., axial and pseudo-scalar form 
factors important in quasi-elastic region 

[J.A. Formaggio, G.P. Zeller, RMP84 (2012) 1307]

To differentiate between mixing 
& CP parameter scenarios

Need neutrino energy 
reconstruction from final state 
to better than 100 MeV 

production method of neutrinos as secondary decay products of hadrons, mostly pions and

kaons, that were produced in primary reactions of protons with nuclei. The neutrino energy

thus must be reconstructed event by event from the final state of the reaction, at both the

near and the far detectors.

Because all modern experiments use nuclear targets, such as H2O, CHn and 40Ar, the

energy reconstruction depends not only on the initial neutrino-nucleus interaction but also

on the final-state interactions (FSI) of all particles. The precision with which neutrino

oscillation properties can be extracted from such experiments then depends directly on the

description of the final state of the neutrino-nucleus interaction.

To get a sense for the accuracy needed for the energy reconstruction in oscillation exper-

iments, it is helpful to look at Fig. 1. The figure shows the expected oscillation signal for

DUNE as as a function of neutrino energy E⌫ for some values of two neutrino properties: the

mixing angle ✓13 and the CP-violating phase �CP . The three curves under the flux profile
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FIG. 1. Appearance probability of ⌫e in a ⌫µ beam at a distance of 1300 km, calculated for standard

oscillation mixing angles. The four colored curves illustrate the sensitivity of the expected signal to

the neutrino mixing angle ✓13 and the CP-violating phase �CP . The black peak shows the expected

energy distribution for the µ-neutrino beam. From Reference [3].

can be distinguished from one another only if the neutrino energy can be determined to
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Rich Neutrino Physics
§ Exciting opportunities in upcoming decade for

neutrino oscillation experiments

[Mass hierarchy, CP-violation phase, … 
§ Challenge: experiments cover a wide range of energy scale
[ DUNE: neutrino energy covers O(1–10) GeV

§ To maximize potential for physics 
discoveries, one needs improve 
the precision of theoretical inputs,
especially QCD

Huey-Wen Lin - LQCD Review 2

2



Nuclear effects

Phiala Shanahan, MIT

•Targets are nuclei (C, Fe, Ar, Pb, H2O)  
so how relevant are nucleon FFs, PDFs?

•EMC effect

•Suppression of gA in Gamow-Teller 
transitions

•Experimental investigations: MINERνA

Calculate matrix elements in light nuclei from lattice QCD

        EFT to reach heavy nuclear targets relevant to experiment

e.g., First calculations of axial charge of light nuclei, EMC effect  
in light nuclei
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Nuclear effects

Phiala Shanahan, MIT

• Gamow-Teller transitions in nuclei 
are a stark example of importance 
of nuclear effects

•Well-measured for large range of nuclei 
where the spectrum is well described 
(30<A<60)

•Historically nuclear structure 
calculations were systematically off by 
20–30%

•Correct using two-body currents where 
they are known
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FIG. 3. Comparison of experimental [27] and theoretical
Gamow-Teller matrix elements for medium-mass nuclei in
the sd-shell (top panel) and lower pf -shell (bottom panel).
The theoretical results were obtained using phenomenological
shell-model interactions [18, 28] with an unquenched standard
Gamow-Teller �⌧ operator (orange squares); and using the
VS-IMSRG approach with the NN-N4LO+3Nlnl interaction
and consistently evolved Gamow-Teller operator plus 2BC
(green diamonds). The linear fits show the resulting quench-
ing factor q given in the panels, and shaded bands indicate
one standard deviation from the average quenching factor.

Gamow-Teller quenching is the Ikeda sum-rule: the dif-
ference between the total integrated �� and �+ strengths
obtained with the �⌧⌥ operator yields the model-
independent sum-rule 3(N – Z). We have computed the
Ikeda sum-rule for 14O, 48Ca, and 90Zr using the coupled-
cluster method (see Methods for details). For the family
of EFT Hamiltonians used for 100Sn we obtain a quench-
ing factor arising from 2BC, which is consistent with our
results shown in Fig. 3 and the shell-model analyses from
Refs. [16–18, 29] (see Fig. 7 in Supplementary Informa-
tion). We note that the comparison with experimental
sum-rule tests using charge-exchange reactions [30, 31]
are complicated by the use of a hadronic probe, which
only corresponds to the leading weak one-body operator,
and by the challenge of extracting all strength to high
energies. Here, our developments enable future direct
comparisons.

It is the combined proper treatment of strong nuclear
correlations with powerful quantum many-body solvers
and the consistency between 2BC and three-nucleon
forces that largely explains the quenching puzzle. Smaller
corrections are still expected to arise from neglected
higher order contributions to currents and Hamiltonians
in the EFT approach we pursued, and from neglected
correlations in the nuclear wave functions. For beyond-
standard-model searches of new physics such as neutrino-
less double-� decay, our work suggests that a complete
and consistent calculation without a phenomenological
quenching of the axial-vector coupling gA is called for.
This Letter opens the door to ab initio calculations of
weak interactions across the nuclear chart and in stars.
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How well do we know nuclear matrix 
elements?
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Nuclear physics from lattice QCD

Phiala Shanahan, MIT

Nuclei on the lattice are HARD 

• Calculations of matrix elements of currents in light nuclei just 
beginning: 

• Controlled calculations of spectrum of light nuclei yet to be achieved 

• First exploratory calculations of matrix elements taking place now 

• With sufficient computing resources,  
calculations are in principle possible: 

• Deeply bound nuclei: same techniques as for  
single hadron matrix elements 

• Near threshold states: need to be careful  
with volume effects

Phiala Shanahan

Gluon Structure of Hadrons 
and Nuclei 
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Nuclear physics from lattice QCD

Phiala Shanahan, MIT

• Noise:  
Statistical uncertainty grows 
exponentially with number of 
nucleons 

• Complexity: 
Number of contractions grows 
factorially

time

COST

Calculations possible for A<5

Nuclei on the lattice are HARD 
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• What about larger (phenomenologically-relevant) nuclei? 

• Nuclear effective field theory: 

• 1-body currents are dominant 

• 2-body currents are sub-leading  
but non-negligible 

• Determine one body contributions  
from single nucleon 

• Determine few-body contributions  
from A=2,3,4...  

• Match EFT and many body methods  
to LQCD to make predictions for  
larger nuclei

Phiala Shanahan, MIT

Larger nuclei

Detmold and Savage, Nucl.Phys.A743 
170-193(2004).

Electroweak matrix elements in the 
two-nucleon sector from lattice QCD

Beane et al(NPLQCD), 
Phys.Rev.Lett.109 172001(2012).

Hyperon-Nucleon Interactions and the 
Composition of Dense Nuclear Matter 
from QCD

Beane et al(NPLQCD), Phys.Rev.D.
87 034506(2013).

Light nuclei and hypernuclei from QCD 
in the limit of SU(3) flavor symmetry 

Beane et al(NPLQCD), Phys.Rev.C.
88 024003(2013).

Nucleon-nucleon scattering parameters 
in the limit of SU(3) flavor symmetry

Beane et al(NPLQCD), Phys.Rev.D 
96 114510(2017).

Baryon-baryon scattering and spin-
flavor symmetry from lattice QCD

SEE PHIALA’S TALK NEXT FOR 
COLLABORATION’S GOOD PROGRESS 

IN MATRIX ELEMENT STUDIES OF 
LIGHT NUCLEI

Beane et al(NPLQCD), Phys.Rev. 
D92 114512 (2015).

Nucleon-nucleon scattering at 
m_pi=450MeV from lattice QCD

LQCD INPUT FOR NUCLEI: 
MATCHING PROGRAM

Effective Field Theory for Lattice 
Nuclei

Barnea at al, Phys.Rev.Lett.114  
052501 (2015).

Bansal et al, arXiv:
1712.10246v1[nucl-th].

Pionless EFT for atomic nuclei and 
lattice nuclei:

Ground-State Properties of 4He and 16O Extrapolated from Lattice QCD with Pionless EFT:

Contessi et al, arXiv:1701.06516.

Predictions Beyond the LQCD calculations 
First Realization of the Dream !!
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Effective Field Theory for Lattice Nuclei 

N. Barnea et al, Phys.Rev.Lett. 114 (2015) no.5, 052501 
Ground-State Properties of 4He and 16 O Extrapolated from Lattice QCD with Pionless EFT 

L. Contessi et al,  e-Print: arXiv:1701.06516

Predictions Beyond the LQCD calculations 
First Realization of the Dream !!
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Effective Field Theory for Lattice Nuclei 

N. Barnea et al, Phys.Rev.Lett. 114 (2015) no.5, 052501 
Ground-State Properties of 4He and 16 O Extrapolated from Lattice QCD with Pionless EFT 

L. Contessi et al,  e-Print: arXiv:1701.06516

Nf = 3, m⇡ = 0.806 GeV, a = 0.145(2) fm

Lorenzo Contessi’s PhD thesis

QCD input Few-body EFT interactions

Many-body calculations of nuclei and hypernuclei
Many-body calculations of nuclei and hypernuclei

[Barnea et al., PRL 2015]



Phiala Shanahan, MIT

Nuclear physics from lattice QCD
Many other collaborations are studying 
nuclei from lattice QCD 

•PACS-CS  
e.g. ,Yamazaki et al,  PRD 92 (2015); 

•Callatt  
e.g., E Berkowitz et al, PLB 765 (2017); 
Hörz et al, PRC 103 (2021)

•Mainz  
e.g., A. Francis et al, PRD 99 (2019);  
Green et al, [2103.01054]

•HALQCD  
e.g., Ishii et al, PRL 99 (2007)  
(potential approach)
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Nuclear matrix elements from lattice 
QCD studied only by the NPLQCD 
Collaboration to date 

• Proton-proton fusion and tritium β-
decay [PRL 119, 062002 (2017)] 

• Double β-decay [PRL 119, 062003 (2017), PRD 96, 

054505 (2017)] 

• Gluon structure of light nuclei       
[PRD 96 094512 (2017)] 

• Scalar, axial, tensor MEs       
[PRL 120 152002 (2018), PRD 103, 074511 (2021)] 

• Baryon-baryon interactions, including 
QED [PRD 103, 054504 (2021), PRD 103, 054508 (2021)] 

• EMC-type effects in light nuclei       
[PRD 96 094512 (2017), PRL 126, 202001 (2021)]



Constraining !-nucleus interactions

Phiala Shanahan, MIT

• For DUNE neutrino energy 
distributions peak at 1-10 GeV 

• Challenging region: several 
processes contribute 

• Quasielastic lepton scattering 

• Deep inelastic scattering 

• Resonances 

• Lattice QCD can provide direct 
non-perturbative QCD 
predictions of nucleon and 
nuclear matrix elements
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.

J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84 (2012) 1307

Neutrino charged-current  
cross-section



• In inelastic regime, quark PDFs of the nucleon 
control scattering cross-section 

• Both resonances and DIS are important 

• Multi-meson channels may become important 

• Nuclear effects are different in νA vs. eA 

• DIS structure functions accessible in LQCD 

• Low moments of structure functions  
controlled 

• x-dependence: systematics challenging,  
but rapid and exciting progress! 

Mn =

Z 1

�1
xnf(x)dx, n / 4

Inelastic region

Phiala Shanahan, MIT
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FIG. 1. Comparison of the full SIDIS+lattice fit with the
⇡
+ (filled circles) and ⇡

� (open circles) Collins asymmetries

A
sin(�h+�s)
UT from HERMES [47] and COMPASS [48, 49] (in

percent), as a function of x, z and Ph? (in GeV).

where ⇡(a) is the prior distribution for the vector param-
eters a, and

L(data|a) = exp


�
1

2
�
2(a)

�
(10)

is the likelihood function, with Z =
R
d
n
aL(data|a)⇡(a)

the Bayesian evidence parameter. Using a flat prior, the
nested sampling algorithm constructs a set of MC sam-
ples {ak} with weights {wk}, which are then used to
evaluate the integrals in Eqs. (8).

The results of the fit indicate good overall agreement
with the Collins ⇡

+ and ⇡
� asymmetries, as illustrated

in Fig. 1, for both HERMES [47] and COMPASS [48,
49] data, with marginally better fits for the latter. The
�
2
/datum values for the ⇡+ and ⇡

� data are 28.6/53 and
40.4/53, respectively, for a total of 68.9/106 ⇡ 0.65. The
larger �2 for ⇡� stems from the few outlier points in the
x and z spectra, as evident in Fig. 1. The SIDIS-only fit
is almost indistinguishable, with �

2
SIDIS = 69.2. Clearly,

our MC results do not indicate any tension between the
SIDIS data and lattice QCD calculations of gT , nor any
“transverse spin problem”.

The resulting transversity PDFs hu

1 and h
d

1 and Collins

favored and unfavored FFs, H?(1)
1(fav) and H

?(1)
1(unf), are plot-

ted in Fig. 2 for both the SIDIS-only and SIDIS+lattice
fits. The positive (negative) sign for the u (d) transversity
PDF is consistent with previous extractions, and corre-
lates with the same sign for the Collins FFs in the re-
gion of z directly constrained by data. The larger |h

d

1|

compared with |h
u

1 | reflects the larger magnitude of the
(negative) ⇡

� asymmetry than the (positive) ⇡
� asym-

metry. At lower z values, outside the measured region,
the uncertainties on the Collins FFs become extremely
large. Interestingly, inclusion of the lattice gT datum has
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relatively large uncertainties, and is not shown in Fig. 2.
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sea to valence ratio is ⇠ 5. Note also that while there ap-
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Integrating the transversity PDFs over x, the resulting
normalized yields from our MC analysis for the �u and �d

moments are shown in Fig. 3, together with the isovector
combination gT . The most striking feature is the sig-
nificantly narrower distributions evident when the SIDIS
data are supplemented by the lattice gT input. The u

and d tensor charges in Fig. 3(a), for example, change
from �u = 0.3(3) ! 0.3(2) and �d = �0.6(5) ! �0.7(2)
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Yellow:        SIDIS data only: direct constraints in region indicated by dashes 
Blue/Red:   SIDIS + lattice QCD for tensor charge (zeroth moment)

Phiala Shanahan, MIT

• Including lattice QCD results for moments in global PDF fits can yield 
significant improvements  

• Community white paper (LQCD + phenomenologists) assessed potential 
impacts [Lin et al., Prog. Part. Nucl. Phys 100 (2018), 107] 

Constraints on global PDF fits

[H-W. Lin et al., PRL 2018]

Collins fragmentation functionsTransversity PDFs
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Encoded in EMC-type effects  

EMC-type effects from Lattice QCD

Phiala Shanahan, MIT

Understanding the quark and gluon 
structure of matter

How is the partonic structure 
of nuclei different from that of 
nucleons? 

Longitudinal momentum fraction
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(EMC: Aubert et al., 1983)
12



Classic EMC effect is defined in F2: 
 
 

               x-integrals of numerator and     
               denominator

Phiala Shanahan, MIT

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, …

gluon u quark d quark

4He

0.96

0.98

1.00

1.02

1.04

<x
> h

/<
x>

N

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

EMC (chariot) ! o!set 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
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 d!DY/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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ton. The scale choice in the PDFs is Q = M . While these data
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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
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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
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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-
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and thus, toward more forward rapidities (y > 0) one probes
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pression comes about as smaller-x quark distributions are
divided by larger-x (less-shadowed or antishadowed) quarks.
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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
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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 d!DY/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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Figs. 12, 13, 14 and 15. We note that, for undoing the isoscalar
corrections as explained in Sect. 3.1, the data appear some-
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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
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17. In the calculation of the corresponding differential NLO
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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
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data correspond to the statistical and systematic errors added
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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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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
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17. In the calculation of the corresponding differential NLO
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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
µ⌫

<latexit sha1_base64="d3S1OkHWvYNP6sMUI0TbWrXel3U=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBA8hV0V9Bj04jFCXpBdw+xkkgyZmV3nIYQlv+HFgyJe/Rlv/o2TZA+aWNBQVHXT3RWnnGnj+9/eyura+sZmYau4vbO7t186OGzqxCpCGyThiWrHWFPOJG0YZjhtp4piEXPaike3U7/1RJVmiaybcUojgQeS9RnBxklhvZuFwobSTh4eu6WyX/FnQMskyEkZctS6pa+wlxArqDSEY607gZ+aKMPKMMLppBhaTVNMRnhAO45KLKiOstnNE3TqlB7qJ8qVNGim/p7IsNB6LGLXKbAZ6kVvKv7ndazpX0cZk6k1VJL5or7lyCRoGgDqMUWJ4WNHMFHM3YrIECtMjIup6EIIFl9eJs3zSnBR8e8vy9WbPI4CHMMJnEEAV1CFO6hBAwik8Ayv8OZZ78V79z7mrStePnMEf+B9/gBomZHr</latexit>

T g
µ⌫

<latexit sha1_base64="XmJ1eNaDGsMz0fEcT9fwtJSqf/0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyqoMegF48R8oLsGmYnk2TIzOwyDyEs+Q0vHhTx6s9482+cJHvQxIKGoqqb7q445Uwb3//2CmvrG5tbxe3Szu7e/kH58KilE6sIbZKEJ6oTY005k7RpmOG0kyqKRcxpOx7fzfz2E1WaJbJhJimNBB5KNmAEGyeFjV4WChtKO30c9soVv+rPgVZJkJMK5Kj3yl9hPyFWUGkIx1p3Az81UYaVYYTTaSm0mqaYjPGQdh2VWFAdZfObp+jMKX00SJQradBc/T2RYaH1RMSuU2Az0sveTPzP61ozuIkyJlNrqCSLRQPLkUnQLADUZ4oSwyeOYKKYuxWREVaYGBdTyYUQLL+8SloX1eCy6j9cVWq3eRxFOIFTOIcArqEG91CHJhBI4Rle4c2z3ov37n0sWgtePnMMf+B9/gBZcZHh</latexit>

x
<latexit sha1_base64="T81e0FN4eiLN0l7csieDRUgh6Jc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbMLuRiyhv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LejBP0IzqQPOSMGivVn3qlsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD5uOM/g==</latexit>

1%-level EMC effects in PDF 
moments for light nuclei

[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, …

gluon u quark d quark

4He

0.96

0.98

1.00

1.02

1.04

<x
> h

/<
x>

N

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

EMC (chariot) ! o!set 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 )
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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 d!DY/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/

"
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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data correspond to the statistical and systematic errors added
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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 d!DY/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
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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
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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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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-
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of Ref. [67], the optimal data normalization of the lower-
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in line with the fit.
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pression comes about as smaller-x quark distributions are
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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
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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 [2009.05522 [hep-lat] (2021)]    

Momentum fraction of nuclei

Ratio of quark momentum fraction in nucleus to nucleon

• No mixing 

• No sum rule constraint
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4

was used to study nuclear e↵ects in PDF moments. In
particular, it was shown that the leading source of such
e↵ects is the two-nucleon correlations that couple to the
twist-two operators defining the PDF moments. In terms
of the parameters defined in that work, nuclear e↵ects
in the isovector momentum fraction are encapsulated in
the low energy constant (LEC) ↵3,2 and nuclear fac-
tor G3(3He); their product is bounded as ↵3,2G3(3He) =
0.0018(14) at µ = 2 GeV from the numerical calcula-
tions presented here (see the Supplementary Material for
details). While the quark momentum fractions them-
selves have nonanalytic dependence on the quark masses
[66–68], this two-body LEC is expected to be relatively
insensitive to variation of the quark masses, as seen for
the the analogous two-body contribution in the np ! d�

[39] and pp ! de
+
⌫e [42, 69] processes. This relative

mass-independence assumption allows an extrapolation
to the physical quark masses: a naive estimate is given
by taking the central value determined at m⇡ = 806
MeV and inflating the uncertainty by 50% to account
for possible quark-mass dependence as well as the e↵ects
of the nonzero lattice spacing and finite volume (this un-
certainty is estimated based on the mass dependence seen
for the analogous two-body LECs in Refs. [39, 42, 69]).
This extrapolated value can be combined with the physi-

cal value of the nucleon momentum fraction, hxi(p)u�d =
0.160(7) at µ = 2 GeV from the nNNPDF2.0 analy-
sis [31], to determine the isovector momentum fraction

ratio 3hxi(
3He)
u�d /hxi

(p)
u�d|LQCD = 1.035(26) at the physical

quark masses (see the Supplementary Material for more
details).

It is interesting to compare the LQCD results for the
momentum fractions and their ratios to phenomenology.
In particular, the isovector momentum fractions deter-
mined here provide valuable information that is com-
plementary to experimental constraints on the nuclear
modification of PDFs; almost all information on the nu-
clear modification of partonic structure has been ob-
tained for the ratio of isoscalar-corrected F2 structure
functions of nuclei to that of the deuteron [3, 5, 6]. Ad-
ditional constraints are especially valuable in the context
of the intriguing question as to whether there is flavor-
dependence to the EMC e↵ect. Such flavor dependence
has been conjectured in models of QCD [70–75] and in
EFT [63–65] and is included in recent data-driven analy-
ses of experimental results [76, 77] and provides a poten-
tial explanation of the NuTeV anomaly in sin2 ✓W [78].

Fig. 3 shows the constraint on the isovector momen-
tum fraction ratio for 3He obtained from the results
presented here, compared with the constraints on the
isovector and isoscalar momentum fraction ratios from
the recent nNNPDF2.0 [31] global nuclear PDF fits. The
nNNPDF2.0 ellipse is generated by combining the Monte
Carlo replica sets for the bound proton PDFs in 4He
appropriately to form the PDFs of 3He (under the as-
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FIG. 3. The ratio of the isovector momentum fractions of
3He and p determined in this work compared to constraints on
the isovector and isoscalar momentum fraction ratios from the
nNNPDF2.0 [31] global analysis before and after the LQCD
constraint is imposed. Both axes are normalized to unity in
the absence of nuclear e↵ects. The LQCD constraint on the
isovector ratio at m⇡ = 806 MeV is also displayed. In all
cases, 68% confidence intervals are shown.

sumption that the nuclear e↵ects vary slowly with A). In
this way, correlations between the 3He and proton PDFs
are accounted for. For the isovector combination, the

68% confidence interval is 3hxi(
3He)
u�d /hxi

(p)
u�d|nNNPDF2.0 =

1.007(63). In the nNNPDF approach, it is also straight-
forward to impose the LQCD constraint on the nuclear
PDFs by reweighting the Monte Carlo replicas as dis-
cussed in Ref. [79]; the combined confidence region is
shown in Fig. 3. The 68% confidence interval reduces to

3hxi(
3He)
u�d /hxi

(p)
u�d|nNNPDF2.0+LQCD = 1.028(25). Fig. 4

compares the ratio of the isovector PDF for 3He to that
of the constituent nucleons, with and without the impo-
sition of the LQCD constraint. As can be seen from the
reduced uncertainties in Figs. 3 and 4, LQCD calcula-
tions such as those presented here, as well as new experi-
mental constraints [80, 81], can significantly improve our
knowledge of the flavor dependence of nuclear PDFs.

Summary — In this work, the isovector momentum
fractions of the proton, diproton and 3He systems have
been determined using LQCD, complementing a previ-
ous study of the gluon momentum fraction on the same
ensemble [45]. These calculations were performed at a
single set of unphysical SU(3)-symmetric values for the
quark masses corresponding to m⇡ = 806 MeV, and in
a single lattice volume and at a single lattice spacing.
Bearing these caveats in mind, the isovector nuclear mo-
mentum fractions were calculated precisely and found to

• Match isovector (u-d quark 
combination) momentum fraction 
to low-energy constants of 
effective field theory, extrapolate 
to physical quark masses 

• Include into nNNPDF global fits of 
experimental lepton-nucleus 
scattering data
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be similar to that of the proton. In particular, the ra-

tios hxi
(pp)
u�d/hxi

(p)
u�d = 1.010(14) and 3hxi(

3He)
u�d /hxi

(p)
u�d =

1.029(15) were determined and nuclear EFT arguments
were used to connect the 3He result to global analyses
of nuclear PDFs, providing important constraints on the
flavor decomposition of nuclear PDFs that are comple-
mentary to those obtained from experiment.

While in its early stages, this work emphasizes the util-
ity of LQCD in constraining less well-measured aspects
of partonic structure in an analogous way to how LQCD
inputs have been used to constrain the proton transver-
sity PDFs [82]. Future calculations at the physical quark
masses will consider higher moments of nuclear PDFs
(or even directly study their x dependence) for a wider
range of nuclei and provide a complete flavor decompo-
sition. Calculations will also quantitatively address the
full set of systematic uncertainties.
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• Match isovector (u-d quark 
combination) momentum fraction 
to low-energy constants of 
effective field theory, extrapolate 
to physical quark masses 

• Include into nNNPDF global fits of 
experimental lepton-nucleus 
scattering data

Matrix elements of the Energy-Momentum Tensor in light nuclei                              
               first QCD determination of momentum fraction of nuclei
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Momentum fractions of nuclei
• Work in progress at close-to-physical values of the quark masses  
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• Polarised PDFs also accessible from moments 



Quasi-elastic scattering
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.
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Axial charge of the triton
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• No axial form factors of nuclei from lattice QCD yet 

• Axial charge of He: first extrapolation to the physical quark masses 
this year 16
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FIG. 8. Ratio of the axial charge of tritium to that of the single nucleon as a function of the
pion mass. The result from this work and that of Ref. [18] are shown as the blue points while the
physical value [6] is shown in red at the physical pion mass (indicated by the vertical line).
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Development of finite-
volume effective field 
theory for nuclear 
matrix elements allows 
connection to larger 
nuclei 
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Resonance region

Phiala Shanahan, MIT

• Energies above ~200 MeV, inelastic  
excitations from pion production:  
Δ resonance dominant 

• Very difficult to access experimentally 
Constrained only from PCAC 

• QCD calculations possible: 
Need to account for unstable nature  
of resonance, extract N→Nπ  
transition FFs 

• Nuclear effects in transition FFs are 
beyond the scope of even exploratory 
lattice QCD calculations at this stage
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FIG. 9 Total neutrino and antineutrino per nucleon CC cross sections (for an isoscalar target) divided by neutrino energy and
plotted as a function of energy. Data are the same as in Figures 28, 11, and 12 with the inclusion of additional lower energy
CC inclusive data from N (Baker et al., 1982), ⇤ (Baranov et al., 1979), ⌅ (Ciampolillo et al., 1979), and ? (Nakajima et al.,
2011). Also shown are the various contributing processes that will be investigated in the remaining sections of this review.
These contributions include quasi-elastic scattering (dashed), resonance production (dot-dash), and deep inelastic scattering
(dotted). Example predictions for each are provided by the NUANCE generator (Casper, 2002). Note that the quasi-elastic
scattering data and predictions have been averaged over neutron and proton targets and hence have been divided by a factor
of two for the purposes of this plot.
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LQCD input for !-nucleus interactions

Phiala Shanahan, MIT

Directly access QCD single-nucleon form 
factors without nuclear corrections

Reliable calculations with fully-controlled 
uncertainties

Calculate matrix elements in light nuclei 
from first principles

        EFT to reach heavy nuclear targets 
relevant to experiment

e.g., First calculations of axial charge of light 
nuclei, EMC effect in light nuclei

1.

2.

� Quark-antiquark pairs
from the vacuum
xx

� Sea quarks
xx

� Non-valence quarks
xx

� Disconnected
quark-line
contributions



Phiala Shanahan, MIT

Constraints on nuclear matrix elements are possible: 

• Pipeline well-defined and tested  

• Still quite far from controlled calculations 

Controlled calculations achievable with ~10-20%  
uncertainty in 10-year timeframe: 

• Axial MEs of nuclei with A<5, including form factors 

• Constraints on nuclear PDFs of nuclei with A<5 via moments 

Would require substantial investment of computing resources  

What are community priorities?

LQCD input for !-nucleus interactions
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