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Hadron interactions from LQCD
Determining hadron-hadron phase shifts  interactions using finite-volume Euclidean correlation functions is 

an active area of LQCD

Infinite-volume 
scattering state

Infinite-volume 
bound state

Recent review:
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Hadron interaction formalism

2 Ñ> 2 resonant form factors
Baroni, Brice–o, Hansen, Ortega-Gama, arXiv:1812.10504

New ideas for N-body scattering amplitudes from spectral reconstruction

Bulava and Hansen, arXiv:1903.11735

LŸscher methods for mapping finite-volume energy levels to hadron-hadron phase shifts generalized 
to arbitrary coupled-channel scattering of spinning particles in flight

A few active frontiers:

3-body interactions

Reviewed in talk by Akaki Rusetsky Ñ Friday 11:45

Bethe-Salpeter wave functions and HAL QCD method

Reviewed in talk by Shinya Gongyo Ñ Friday 11:15

See talks by Yutaro Akahoshi, Sinya Aoki, Takumi Doi, Yunheng Ma, Nodoka Yamanaka, Takeshi Yamazaki

Reviewed in talk by Robert Edwards



Hadron interaction studies

Resonant meson-meson scattering is being studied for increasingly complex systems

Studies of heavy-light meson scattering are uncovering evidence tetraquarks and other exotic states

Reviewed in talk by Anthony Francis

Studies of heavy quarkonia in-medium are predicting resonance melting and other phenomena

See talks by Tadeusz Janowski, Daniel Nogradi, Fernando Romero-L—pez
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Meson-meson interactions are being mapped out as functions of       ,     , and      Nf
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See talks by Gert Aarts, Anna-Lena Kruse, Aleksandr Nikolaev, Samuel Offer

See talks by Christian Andersen, Chris Culver, Daniel Hoying, Gumaro Rendon, Martin Ueding, Tianle Wang, David Wilson

Reviewed in talk by Hiroshi Ohno

See talks by Brian Colquhoun, Nilmani Mathur, Sasa Prelovsek, Sinead Ryan 



Interactions affect structure
A system of two interacting static-light mesons looks different and long and short distances

 

String breaking at finite density 
explored in two-color QCD

Variational study performed including static-
light and static-strange meson-meson as 
well as stringy operators

r ! ! ! 1
QCD

<latexit sha1_base64="hqsZh26HxlapenCBAAWfSuP/zwA=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi6LdeHCRQv2AU0Mk8mkHTqZhJmJUELc+CtuXCji1r9w5984bbPQ1gMDh3Pu4c49fsKoVJb1bSwsLi2vrJbWyusbm1vb5s5uW8apwKSFYxaLro8kYZSTlqKKkW4iCIp8Rjr+sD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3BXT6fejc6kiAvKxZv87vsxM798yKVbUmgPPELkgFFGh45pcTxDiNCFeYISl7tpUoN0NCUcxIXnZSSRKEh6hPeppyFBHpZpMLcniklQCGsdCPKzhRfycyFEk5inw9GSE1kLPeWPzP66UqvHQzypNUEY6ni8KUQRXDcR0woIJgxUaaICyo/ivEAyQQVrq0si7Bnj15nrRPq/ZZ1WqeV2pXRR0lcAAOwTGwwQWogRvQAC2AwSN4Bq/gzXgyXox342M6umAUmT3wB8bnDwdolfk=</latexit>

r ! ! ! 1
QCD

<latexit sha1_base64="rVneiyMp/ARcXRMmQqhU+fiXJXI=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0uigi6LdeHCRQv2AU0Mk8mkHTqZhJmJUELc+CtuXCji1r9w5984bbPQ1gMDh3Pu4c49fsKoVJb1bSwsLi2vrJbWyusbm1vb5s5uW8apwKSFYxaLro8kYZSTlqKKkW4iCIp8Rjr+sD72Ow9ESBrzOzVKiBuhPqchxUhpyTP3BXQYg86tjgTIy5r16/w+O7Fzz6xYVWsCOE/sglRAgYZnfjlBjNOIcIUZkrJnW4lyMyQUxYzkZSeVJEF4iPqkpylHEZFuNrkgh0daCWAYC/24ghP1dyJDkZSjyNeTEVIDOeuNxf+8XqrCSzejPEkV4Xi6KEwZVDEc1wEDKghWbKQJwoLqv0I8QAJhpUsr6xLs2ZPnSfu0ap9VreZ5pXZV1FECB+AQHAMbXIAauAEN0AIYPIJn8ArejCfjxXg3PqajC0aR2QN/YHz+ABdTlgM=</latexit>

Results can be understood in 3-state model 
where ground state transitions between 
stringy and meson-meson at characteristic 
Òstring breakingÓ distance

Bulava et l, Phys. Lett. B 793 (2019)
r c = 1 .224(15) fm, r cs = 1 .293(16) fm
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Bulava et l, Phys. Lett. B 793 (2019)Koch et al, LATTICE2018

Astrakhantsev et al, JHEP 1905, (2019)

Flux-tube structure explored with 
stress tensor

See talk by Ryosuke Yanagihara, Friday 14:20

https://arxiv.org/search/hep-lat?searchtype=author&query=Astrakhantsev%2C+N+Y


The EMC effect

DIS experiments with a variety of nuclei see similar ÒEMC effectÓ:

Before 1982, nucleon quark structure was not expected to be 
affected by other nucleons in a nucleus

This expectation was overturned by DIS 
results from the European Muon 
Collaboration

CERN Courier, Nov 1982

Aubert et al (EMC), Phys. Lett. 123B (1983)

Ñ roughly linear decrease in quark PDFs in region 
whose magnitude increases with A
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Normalization:

Malace et al, Int. J. Mod. Phys. E 23 (2014)Nuclear PDFs share perturbative 
evolution with nucleon PDFs but have 
non-perturbative differences

Enhancement in nuclear quark PDFs at large    also seen, 
attributed to "Fermi motionÓ
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Hadron structure from LQCD

PDF moments calculable from matrix elements of local operators, e.g. momentum fraction of parton
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symmetrize and 
subtract trace
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Quark and gluon structure of hadron*      encoded in Parton Distribution Function for parton h
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Recent LQCD calculations with physical        are in rough 
agreement with momentum fractions predicted by 
phenomenological PDFs
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* or a system of interacting hadrons, still generically denoted    h
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Review: Lin et al, Prog. Part. Nucl. Phys. 100 (2018)

               and                calculated in LQCD by several groups!x"q
proton
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proton
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See talks by Roger Horsley, Gen Wang



More hadron structure from LQCD

Direct LQCD calculations of      - dependent quark structure possible with quasi-PDFs and related 
approaches, applied to single hadron (pion and nucleon) systems so far

x
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Reviewed in talks by Nikhil Karthik and Yong Zhao

Fraction of hadron angular momentum carried by quark spin proportional 
to flavor-singlet axial charge

Off-forward matrix elements of         and         related to GPD moments, 
mechanical properties of hadrons including pressure and shear

Tq
µ !
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Difference in quark number with spin parallel vs anti-parallel to a 
transversely polarized hadron proportional to flavor-singlet tensor charge

Shanahan, Detmold, PRL 122 (2019)

BEG: Burkert, Elouadrhiri, 
Girod, Nature 557 (2018)

Reviewed in talk by Tanmoy Bhattacharya
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Nucleon axial and tensor charges calculated in LQCD by many groups

FLAG arXiv:1902.08191

See talks by Krzysztof Cichy, Colin Egerer, Yu-Sheng Liu, David Richards, Charles Shugert, Jianhui Zhang

See talks by Chia Cheng Chang, Yong-Chull Jang, Shigemi Ohta, Sungwoo Park,  Natsuki Tsukamoto, AndrŽ Walker-Loud, Jonas Wilhem



Nuclei from LQCD

m! = 510 MeV
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m! = 806 MeV
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PACS results qualitatively similar at slightly lighter quark masses

a = 0 .09 fm
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NPLQCD results for finite-volume energies of light (hyper-)nuclei 
suggest nuclei more deeply bound at heavier quark masses

L = 3 .5 fm ! 7.0 fm
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Yamazaki et al, PRD 86 (2012)

NPLQCD, PRD 87 (2013)

Matching LQCD results to EFT allows extrapolation to larger 
systems, study of quark-mass dependence of periodic table

Contessi et al, Phys. Lett. B 772 (2017)

Barnea et al, PRL 114 (2015) Bansal et al, PRC 98 (2018)

Gandolfi et al, Phys. Lett. B 785 (2018)

L = 2 .9 fm ! 5.8 fm
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See talk by David Murphy for more on algorithms for nuclear correlation functions



NN scattering

Francis, et al, PRD 99 (2019)

Nf = 3 , m! = 806(9) MeV, a = 0 .145(2) fm

4 m! ! 8063

L = 24
L = 32
L = 48

NPLQCD, arXiv:1705.09239

Nf = 2 , m! = 960 MeV, a = 0 .0658(10) fm
<latexit sha1_base64="D1xf7zmy56pLljLollthpcytBGY="></latexit>

NPLQCD, PRD 87 (2013)

NPLQCD results (LŸscher methods) prefer bound deuteron and dineutron

NPLQCD, PRD 87 (2017)

PACS results (LŸscher methods) prefer bound deuteron and dineutron

PACS-CS, PRD 81 (2010) PACS, Lattice 2017

Berkowitz et al, Phys. Lett. B 285 (2017)

CalLatt results (LŸscher methods) prefer bound deuteron and dineturon

Francis et al results (LŸscher methods) prefer unbound dineutron
Francis, et al, PRD 99 (2019)

m! ! mK ! 800 MeV
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More work needed to understand discrepancies

HAL QCD results (HAL QCD method) prefer unbound deuteron 
and dineutron

Iritani et al, PRD 96 (2017)Iritani et al, JHEP 1610 (2016)
HAL QCD, Nucl. Phys. A881 (2012)

HAL QCD, PRD 99 (2019) HAL QCD, JHEP 1903 (2019)

Aoki et al, Comput. Sci. Dis. 1 (2008)

See talks by Shinya Gongyo



Symmetries of baryon interactions

New conjectured principle Ñ Òdynamical entanglement suppressionÓ

EFT parameters values with enhanced symmetry also 
minimize entanglement produced when time-evolving 
two-baryon systems

L ! Bi

!
i ! 0 "

! i ! i

2M

"
Bi " c5(Bi Bi )(Bj Bj )
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NPLQCD results at                                            used to determine low-energy EFT for baryon-baryon 
scattering (nucleons and/or hyperons)

Why?

Beane, Kaplan, Klco, Savage, PRL 122 (2019)

See talk by David Kaplan

NPLQCD, PRD 87 (2017)

m! ! mK ! 800 MeV
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EFT exhibits approximate               symmetry larger than                 
symmetry predicted to emerge at large

SU(16)
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SU(2Nf )
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Nc
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Electromagnetic structure of nuclei

W. Detmold

Intuition about nuclei in nature may or may not apply with heavier quark masses                          

LQCD electromagnetic structure studies suggest that at heavier quark masses 
nuclei ~ non-interacting nucleons plus corrections

EFT couplings for multi-nucleon currents show less quark 
mass variation than e.g. single-hadron masses

! (np ! d" )
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NPLQCD, PRL 115 (2015)

NPLQCD, PRL 113 (2014) NPLQCD, PRD 92 (2015)

Two-body contribution to



Axial structure of nuclei
Isovector axial charge of   He smaller than proton by 4.89(13)% in nature3

Baroni et al, PRC 94 (2016)

ÒNuclear quenchingÓ O(30%) in A=30-50 nuclei, affects (single and 
double)    -decay, neutrino scattering!
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With                         ,             for   He smaller than proton by 1.3(4)%  

NPLQCD, PRL 119 (2017) 

m! ! 806 MeV
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3

*only one lattice spacing, volume, pion mass

In nuclear EFT, effect arises from correlated multi-nucleon interaction with axial current

Recent LQCD studies constrain additional axial interactions needed to reliably extract 
new physics constraints from double    -decay experiments!
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NPLQCD, PRL 119 (2017)

NPLQCD, PRD 96 (2017)

Short-range new physicsNeutrinoful

Kumar et al, J.Phys. G43 (2016)

Nicholson et al, PRL 121 (2018)

nn ! pp
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Majorana neutrino

Detmold, Murphy, LATTICE 2018

Feng, Jin, Tuo, Xia, PRL 122 (2019)

See poster by Xin-yu Tuo

! + ! ! !
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Polarized quark structure in nuclei

NPLQCD results show O(1%) x-
integrated EMC effects on quark 
helicity and quark transverisity 

Quark 
spin

NPLQCD, PRL 120 (2018)

Nf = 3 , m! = 806(9) MeV, a = 0 .145(2) fm

Polarized EMC effect not constrained experimentally, model 
predictions differ significantly

Ratios of isoscalar axial matrix elements show relative quark spin fractions of nuclei and nucleon

Ñ differences from 1 evidence for polarized EMC effect

Ñ determination could provide insight 
into dynamics of EMC effect

Polarized DIS experiments on    Li 
proposed at JLab

7

Thomas, Int. J. Mod. Phys. E27 (2019)

Clo‘t et al, arXiv 1902.10572

Quark 
transversity

g(u+ d+ s)
A,h

2shg(u+ d+ s)
A,proton
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g(u+ d+ s)
T,h

2shg(u+ d+ s)
T,proton
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NPLQCD, PRD 89 (2014)

 Ñ consistent with quark mass dependence of nuclear binding energies

Scalar currents in nuclei

Scalar coupling to strange quarks reduced by 10(4)% in   He 

Ñ dominant dark matter coupling in some BSM models

3

Scalar currents relevant for higher-twist PDFs, phenomenologically important for interpreting new physics 
constraints from dark matter direct detection experiments

Hoferichter et al, PRD 99 (2019) Fieguth et al, PRD 97 (2018)

QCD results can test EFT power counting / nuclear models 
used to describe larger nuclei

scalar isoscalar couplings (  - terms) of A=2 by 1(1)% and  He by 4(1)%3!
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Many LQCD calculations of nucleon scalar matrix elements
Reviewed in plenary talk by Tanmoy Bhattacharya FLAG arXiv:1902.08191Also see talks by Liuming Liu, Lukas Varnhorst
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NPLQCD, PRL 120 (2018)



Nuclear momentum fractions

Fit

Global fits to available data constraining nuclear PDFs (charged lepton DIS, neutrino DIS, Drell-Yan, É) 
performed by multiple groups: EPPS, nCTEQ, DSSZ, É
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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 Þt. In therightmost panelthe labels ÒaddendumÓ and ÒchariotÓ

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.12,13,14and15. 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 Þt. 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 Þt as
well. This is likely to come from the fact that theA depen-
dence is parametrized only at few values ofx (small-x limit,
xa, xe) and in between these points theAdependence appears
to be somewhat lopsided in some cases. TheQ2 dependence
of the data visible in Figs.12and14is also nicely consistent
with EPPS16.

The pA vs. pD DrellÐYan data are shown in Figs.16 and
17. In the calculation of the corresponding differential NLO
cross sections d! DY/ dxdM we deÞnex1,2 ! (M/

"
s)e± y

whereM is the invariant mass andy the rapidity of the dilep-
ton. The scale choice in the PDFs isQ = 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
systematicA dependence for the sea quarks atxa (someA
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 pionÐA DY data are presented in Fig.18. As is evi-
dent from the Þgure, these data set into the EPPS16 Þt without
causing a signiÞcant 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 Þndings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but thex2 dependence of the data is well
in line with the Þt.

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
belowx # 0.1 where the net nuclear effect of sea quarks has
a downward slope toward smallx. Very roughly, the probed
nuclearx-regions can be estimated byx $ (MW,Z/

"
s)e%y

and thus, toward more forward rapidities (y > 0) one probes
smallerx 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 largex. The incident beam energies are not
high enough to reach the small-x region where a shadowing
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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 Þt. In therightmost panelthe labels ÒaddendumÓ and ÒchariotÓ

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.12,13,14and15. 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 Þt. 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 Þt as
well. This is likely to come from the fact that theA depen-
dence is parametrized only at few values ofx (small-x limit,
xa, xe) and in between these points theAdependence appears
to be somewhat lopsided in some cases. TheQ2 dependence
of the data visible in Figs.12and14is also nicely consistent
with EPPS16.

The pA vs. pD DrellÐYan data are shown in Figs.16 and
17. In the calculation of the corresponding differential NLO
cross sections d! DY/ dxdM we deÞnex1,2 ! (M/
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s)e± y

whereM is the invariant mass andy the rapidity of the dilep-
ton. The scale choice in the PDFs isQ = 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
systematicA dependence for the sea quarks atxa (someA
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 pionÐA DY data are presented in Fig.18. As is evi-
dent from the Þgure, these data set into the EPPS16 Þt without
causing a signiÞcant 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 Þndings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but thex2 dependence of the data is well
in line with the Þt.

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
belowx # 0.1 where the net nuclear effect of sea quarks has
a downward slope toward smallx. Very roughly, the probed
nuclearx-regions can be estimated byx $ (MW,Z/

"
s)e%y

and thus, toward more forward rapidities (y > 0) one probes
smallerx 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 largex. 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.12,13,14and15. 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 Þt. 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 Þt as
well. This is likely to come from the fact that theA depen-
dence is parametrized only at few values ofx (small-x limit,
xa, xe) and in between these points theAdependence appears
to be somewhat lopsided in some cases. TheQ2 dependence
of the data visible in Figs.12and14is also nicely consistent
with EPPS16.

The pA vs. pD DrellÐYan data are shown in Figs.16 and
17. In the calculation of the corresponding differential NLO
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whereM is the invariant mass andy the rapidity of the dilep-
ton. The scale choice in the PDFs isQ = 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
systematicA dependence for the sea quarks atxa (someA
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 pionÐA DY data are presented in Fig.18. As is evi-
dent from the Þgure, these data set into the EPPS16 Þt without
causing a signiÞcant 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 Þndings
of Ref. [67], the optimal data normalization of the lower-

energy NA10 data (the lower right panel) is rather large
( fN = 1.121), but thex2 dependence of the data is well
in line with the Þt.

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
belowx # 0.1 where the net nuclear effect of sea quarks has
a downward slope toward smallx. Very roughly, the probed
nuclearx-regions can be estimated byx $ (MW,Z/
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s)e%y

and thus, toward more forward rapidities (y > 0) one probes
smallerx 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 largex. The incident beam energies are not
high enough to reach the small-x region where a shadowing
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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?Tq
µ !
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Gluon momentum fraction

NPLQCD, PRD 96 (2017)

Nf = 3 , m! = 806(9) MeV, a = 0 .145(2) fm

Operator mixing between gluon and flavor-singlet quark 
momentum fraction neglected for now

Ñ suppressed in ratios of nuclear/nucleon matrix elements

Gradient flowed gluon operators used to reduce noise, high 
statistics still necessary

Tg
µ ! ! G3" G3" " G4" G4"

<latexit sha1_base64="DWqU8KCpyixfP0TVqy6giUYwjb4=">AAACMXicbZDLSgMxFIYzXmu9VV26CRbBjWXGFnRZdGGXFXqDTh3OpGkbmskMSUYpQ1/JjW8ibrpQxK0vYXoRa+uBwMf/n8PJ+f2IM6Vte2StrK6tb2ymttLbO7t7+5mDw5oKY0lolYQ8lA0fFOVM0KpmmtNGJCkEPqd1v38z9usPVCoWiooeRLQVQFewDiOgjeRlShUvcYPYFfHwvotdybo9DVKGj/jWS/Iu8KgHwznE52Oj8Gv8oJfJ2jl7UngZnBlk0azKXubFbYckDqjQhINSTceOdCsBqRnhdJh2Y0UjIH3o0qZBAQFVrWRy8RCfGqWNO6E0T2g8UecnEgiUGgS+6QxA99SiNxb/85qx7ly1EiaiWFNBpos6Mcc6xOP4cJtJSjQfGAAimfkrJj2QQLQJOW1CcBZPXobaRc7J5+y7QrZ4PYsjhY7RCTpDDrpERVRCZVRFBD2hV/SG3q1na2R9WJ/T1hVrNnOE/pT19Q3Ml6qK</latexit>

Gluon stress-energy tensor must be Wick rotated, 
discretized, and projected to cubic irreps, e.g.

Comparing results for multiple irreps gives indication of 
size of lattice artifacts
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Quark momentum fraction

Derivative operators require additional sequential source 
inversions

Connected nuclear matrix elements use same fixed-
order background field method as quark bilinears

Disconnected matrix elements computed using hierarchical probing and deflation

Discretized operator chosen to minimize inversions, project to hypercubic irrep, only require p = 0

NPLQCD, PRL 119 (2017)

Gambhir, Stathopoulos, Orginos, J. Sci. Comput. 39 (2017)Stathopoulos, Laeuchli, Orginos, arXiv:1302.401

Connected diagrams much less noisy, statistics (Ncfg = 801) ! (Nsrc = 16)
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Same statistics as gluon momentum fractions for noisy disconnected diagrams, (Ncfg = 508) ! (Nsrc = 416)
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Quark momentum fraction analysis

All possible fit ranges with t > 4 (to guarantee spectral representation) attempted, information criterion used 
to determine number of states in multi-state fit model, weighted average of acceptable fits taken

Diproton / proton isovector ratio, 
highest weight Þt/average

Diproton strange,  
highest weight Þt / average

Diproton strange,  
Þt stability plot

Tq
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q(x)! 4[q(x + ö4) " q(x)] " [q(x + ö4) " q(x)]! 4q(x)

"
" { 4 # 3}
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Quark momentum fraction results
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Isovector quark momentum fractions Ñ 1.2% (statistical + fitting systematic) uncertainty for proton, 
1.9% for 3He
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Isoscalar quark momentum fractions Ñ 0.8% uncertainty for proton, 1.8% for

3He
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Strange quark momentum fractions Ñ 14% uncertainty for proton, 41% for

Bare matrix element results:
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Quark and gluon momentum in nuclei

Nf = 3 , m! = 806(9) MeV, a = 0 .145(2) fm
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Positive/negative shifts weakly preferred for quarks/gluons, self-consistent but opposite from signs 
weakly preferred by EPPS nuclear PDFs

LQCD predicts x - integrated EMC effect for A = 2 - 3 is small (<15% at      stat + fitting sys) for light 
quarks with
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Lattice spacing, volume, quark mass dependence need to be studied in future calculations

m! ! 806 MeV
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Summary

LQCD studies of hadron-hadron interactions are being used to study a wide variety of dynamical systems

Hadron interactions can qualitatively and quantitatively modify the structure of multi-hadron systems, from 
resonance production to string breaking to resonance melting 

The effects of multi-nucleon interactions on polarized and unpolarized quark and gluon structure are 
beginning to be explored from LQCD in order to understand the EMC effect and its analogs

For A = 2 - 3 systems with                         , x-integrated polarized and unpolarized EMC effects on light 
quarks are not larger than a few percent
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