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Recent progress in hadron structure from Lattice QCD Martha Constantinou

1. Motivation

Lattice QCD (LQCD) is a non-perturbative approach that provides aegatool for ab
initio evaluation of hadron observables. These include both quantities thatedrdetermined
experimentally, but also those that are not easily accessible in experinmtarg, DQCD provides
input to phenomenology and to searches for beyond the Standard Mogsts. Recent progress
in the simulation of LQCD has been impressive, mainly due to the improvements ilytnitans,
development of new techniques, and increase in computational powsiedbled simulations to
be carried out at parameters very close to their physical values.

Understanding nucleon structure from first principles is considered astanile of hadron
physics and numerous experiments have been devoted to its study, statttitigeameasurements
of the electromagnetic form factors initiated more than 50 years ago. Reajmgdhese key ob-
servables within the lattice QCD formulation is a prerequisite to obtaining reliabbtiqgtions on
observables that explore Physics beyond the Standard Model. Thetiehisexperimental program
in major facilities (CERN, JLab, MAMI, MESA, PSI, JPARC, etc) investigativaglron structure,
such as the proton radius, electric dipole moments and scalar and tensaxctiotes.

The 12 GeV upgrade of the Continuous Electron Beam Accelerator Fadilitlyad will al-
low to employ new methods for studying the basic properties of hadronsroRlatructure has
been an essential part of the physics program, which involves new grdsting high precision
experiments, such as nucleon resonance studies with CLAS12, the lonagitsipin structure of
the nucleon, meson spectroscopy with low momentum transfer electron scattegh precision
measurement of the proton charge radius, and many more.

The experiments on the proton radius have attracted a lot of interest sicweate measure-
ments of the root mean square charge radius from muonic hydr@be(rﬁ).,],;( = 0.84fn?) is
7.70 yielded a value smaller that the radius determined from elastic e-p scattedrigydrogen
spectroscopy((3)ep = 0.88fn¥) [B] (see Ref. [R] for a review). The 4% difference in the two
measurements is currently not explained. We note that the measurements irothie hyalrogen
experiments are ten times more accurate than other measurements and tleey seasitive to the
proton size. In particular, the radius is measured from the energyetifferbetween the 2P and 2S
states of the muonic hydrogéfr} [4] and more accurate experiments areglanfhSI.

The above few examples illustrate that hadron structure is a very rich fistd@arch relevant
to new physics searches. Thus, lattice QCD does not only provide inpatgoing experiments,
but also gives guidance to new experiments within a robust theoreticadivark.

Being one of the building-blocks in the universe, the nucleon providexaamely valuable
laboratory for studying strong dynamics providing important input thatadem shed light in new
physics searches. Although it is the only stable hadron in the StandardlMisdstructure is not
fully understood yet. There have been several recent lattice QCRgeswnucleon observables. In
these proceedings we discuss representative observables prabdiog structure, as well as, chal-
lenges involved in their computations. Topics to be covered include the muaileal and tensor
charges, the nucleon spin, including disconnected contributions, neglFotric dipole moment,
the first gluon moment of parton distribution functions (PDFs), and a dinetihod for computing
quasi-distribution functions on the lattice. The systematic uncertainties relatestlieon matrix
elements are also investigated.
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2. Nucleon Matrix Elements

In the evaluation of nucleon matrix elements in LQCD there are two type of diegeatering,
shown in Fig[Jt. The disconnected diagram has been neglected in most stfities because it
is very noisy and expensive to compute. However, in the last few yeamsnder of groups are
studying various techniques for its computation using dynamical simulations.
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Figure 1: Connected (left) and disconnected (right) contributianthe nucleon three-point function.

For the computation of nucleon matrix elements one constructs two- and thirgezprrela-
tion functions defined as

G (atr) = Y e Irp, (Ja(Xr.tr)Ip(0)), (2.1)
X¢

GHH.aL) = 5 eI (3,4t 0 %0T(0). (2.2)
Xf ,X

appropriately projected in order to ’compute the quantities of interest. Fonaesteéne projectors
MK are usually defined ak® = 7(1+y), T*=T°-y5- . The lattice data are extracted from
dimensionless ratio of the two- and three-point correlation functions

Gz‘“<r,a,t>X\/ GP(—q -G OHCP(Otr)  —

Rﬁ(r7q7t7tf): GZpt(_O tf) tf—t—o0 n(raq) (23)

GZpt(b"tf_t)GZpt(_q’t)GZpt(_q’tf) t—tj—o0
The above ratio is considered optimized since it does not contain potentiaiytmm-point func-
tions at large separations and also correlations between its differentsfaeduce the statistical
noise. The most common method to extract the desired matrix element is to loolplateau
with respect to the current insertion tinte(or, alternatively, the sink time;), which should be
located at a time well separated from the creation and annihilation times in orelestioe single
state dominance. To establish proper connection to experiments we appignedization which,
for most of the quantities discussed in this review, is multiplicative
MR(Tr,q) = Z,N(T,q). (2.4)

The renormalized matrix elements can be parameterized in terms of Generaline&&ctors
(GFFs), and the decomposition follows the symmetry properties of QCD. Asample we take
the axial current insertion, which decomposes into two Lorentz invariam F~actors (FFs), the
axial (Ga) and induced pseudoscal&)

<N<p',s’>|u7<x>vuv5w<x>|N<p,s>>:i(

1/2

LTN(p/,S/) qHVS

GA(qz)VuV‘S+mGp(q2) un(p,s),
(2.5)

mg
En(p’)En(p)

whereq? is the momentum transfer in Minkowski space (herea@ér= —g°).

Here, | will mostly consider the flavor isovector combination for which theatisected con-
tribution cancels out; strictly speaking, this happens for actions with ex@sgiis symmetry. An-
other advantage of the isovector combination is that the renormalization simptifisglerably.
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2.1 Systematic uncertainties

The systematic uncertainties are important aspects of lattice computations tationee
addressed carefully. In a nutshell, such systematics are:
e cut-off effects due to the introduction of a finite lattice spacing. For a propetinuum extrap-
olation one requires simulations for, at least, three values of the lattice gpagiich is compu-
tationally very costly, especially as we approach the physical point. To minitmizeystematic,
gauge configurations are generated employing improved actions with aofatbe lattice that
ensures small or negligible cut-off effects compared to the statisticalaycur
o finite volume effects due to the finite extent of the space-time box. These @rajaetepend on
the quantity under study. Ideally, simulations should be performed at multiplenes, so that the
infinite volume limit can be taken. This requires significant computer ressufcea rule of thumb
one need& my larger than 3 to suppress finite volume effects.
e contamination from other hadron states due to the fact that the interpolatothgded to create a
hadron of given quantum numbers couple in addition to states higher igyev&hile for two-point
functions identification of the lowest energy state is straight forwardthi@e-point functions it
is more saddle, and there are various methods to extract information frone lddtia. The most
common approach is the so called plateau method in which one probes the latgke&n time
evolution of the ratio in Eq[(2.3)

Rﬁ(rativtatf) (tf—t)—A>>>l M l+ae_(tf_t)A(p/)+B e_<t_ti)A(p)+"‘ . (26)
(t—t)A>>1

In the above equation the excited states contributions fall exponentially witkinkensertion
(t —t) and insertion-source ¢ t;) time separation. So, it is possible to reduce the unwanted
excited states contamination by increasing the source-sink separatitimstrgmes with a cost of
increased statistical noise.
Another method is the so-called summation method in which we sum the ratio fromutees
to the sink, and thus, the excited state contaminations are suppresse@bgrigds decaying with
(tf —t;) rather than(t; —t) and(t —t;). However, one needs the slope of the summed ratio

tt

Z R(t,t,t1) = const+ . (t; —t;)) + & <e((tftim(p'))> +0 (e((‘fti)A(p))> : (2.7)
t=i;

e simulations at unphysically large values of the pion mass due to limitations on theitatiapal
resources and optimization techniques. Then one typically uses chitatlion theory xPT)
to carry the extrapolation to the physical point, with low energy constantsndigied by over-
constraining the fits using experimental, as well as, lattice data. Over theelast gimulations
at physical parameters have become feasible, which can be compaeitydo experimental and
phenomenological data. This is a substantial step forward since theettigbolation to the phys-
ical point is avoided, which is often difficult and can lead to rather largtesyatic uncertainties,
in particular in the baryon sector.

e renormalization, which might involve mixing with other observables. In additierdtita should
be converted to th&#S scheme in order to be compared to experimental and phenomenological
data. This conversion is performed using perturbative expressionsit®drder in the coupling
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constant and this might bring in systematic uncertainties; using higher-lgwpssions (typically
0(g%)) exhibit very small systematics. More importantly, renormalization functiomspeied
non-perturbatively may carry lattice artifacts, which can be removed biyasting them utilizing
perturbation theory{[H] 6] 71.

3. Nucleon Charges

3.1 Axial Charge

One of the fundamental nucleon observables is the axial chggge Ga(0), which is deter-
mined from the forward matrix element of the axial current, and gives thiméidrquark spin in
the nucleon. It governs the rate Bfdecay and has been measured precisely. In LQCD the ax-
ial charge can be determined directly from the evaluation of the matrix elemdrihas, there is
no ambiguity associated to fits. For this reasaasis an optimal benchmark quantity for hadron
structure computations, and it is essential for LQCD to reproduce its iexgatal value or if a
deviation is observed to understand its origin.
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Figure 2: Collection of lattice results foga corresponding toN;=2+1 DWF (RBC/UKQCD ,|:1|3],
RBC/UKQCD [14], xQCD [15]), N;=2+1 DWF on asqtad sea (LHPE [16))y=2 TMF (ETMC [ 7)),
Nf=2 Clover (QCDSF/UKQCD [[38], CLS/MAINZ[[19], QCDSH [R0], RQT[PT]), N¢=2+1 Clover
(LHPC [23], CSSM [2B]) Nt =2+1+1 TMF (ETMC [24]), Ns=2+1+1 HISQ (PNDME [2p[2B]) N =2
TMF with Clover (ETMC ]). The asterisk is the experimdntalue [28].

There are numerous computationsgaf from many collaborations and selected results are
shown in Fig[P as a function of?. These results have been obtained using dynamical gauge field
configurations with?’(a)-improved lattice QCD actions, namely Domain Wall Fermions (DWF),
Hybrid, Clover, Twisted Mass Fermions (TMF) and HISQ fermions (se@ti@a of Fig.[ for ref-
erences). For a meaningful comparison we include only results obtaimmdlie plateau method
without any volume corrections. The latest achievement of the Lattice Comnamithe results
at the physical point for which there is no necessity of chiral extrapolaioninating an up to
now uncontrolled extrapolation. The ones at the two lowest values of thenpéss correspond to
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PNDME (128 MeV) [2p] and ETMC (133 MeV][27], and are in agreeingith the experimental
value: geAXp: 1.2701(25) [2§]. Of course the statistical errors are still large and it is necessary to
increase the statistics and study the volume and lattice spacing dependtemedibalizing these
results. In addition, the results shown in Hijj. 2 are at a given lattice spasthgolume and, thus,
systematic effects should be investigated.

In summary, based on current results on the axial chrge [29], weuztnthat cut-off effects
are small, at least faa < 0.1 fm, and no indication of significant excited state contamination has
been observed indicating that sink-source time separation of about 1 doffisient. No clear
conclusion can be extracted regarding finite volume effects that netebifunvestigation. It is
worth stressing, however, that the valuegafdetermined close to the physical point by ETMC
with Lmy; ~ 3 (a< 0.1 fm), and by PNDME witlLm;; ~ 3.75 (@ < 0.1 fm) are in agreement with
the experimental data.

We note that all high statistics studies of systematic uncertainties have béemeaef at rel-
atively large values of the pion mass. It is thus essential to also perform isinvigstigations at
values of the pion mass closer to the physical one. Given that the signaise error decreases
exponentially as the pion mass decreases one needs to increase edhgiter number of inde-
pendent measurements leading to increase computational cost, and tkesedaction methods
are highly valuable.

3.2 Tensor Charge

The nucleon scalar and tensor charges have not been studied in LQE&Reasively aga
since the contributions of effective scalar and tensor interactions in timel&@thModel are very
small (per-mil level). These interactions correspond to thevherA structure of weak interactions
and serve as a test for new physics. Ongoing experiments using ultraezdgrons[[30] 31, 37, B3],
as well as planned on€ds34] will reach the necessary precision tdigatessuch interactions.

In order to study the scalar and tensor interactions we add a term in tlieéweffidamiltonian
corresponding to new BSM physics,

Heft = Gr (J\'/AXA?NLZ&@' x O (3.2)
|

where the sum includes operators with novel structure, such as the agdltensor, which come
with low-energy couplings that are related to masses of new TeV-scdiel@sr

Experimentally, bounds on the tensor coupling constant arise in the raditwn decay
T — evy, while new experiments at Jefferson lab are planned using polarizetPB¥ien aim
at increasing its accuracy by an order of magnitddg [35]. Also, expetsvat LHC are expected
to increase the limits to contributions from tensor and scalar interactions bryglanad magnitude,
making these observables interesting probes of new physics. Computdtitresszalar charge
will also provide input for dark matter searches, since experiments aimimglia¢ct detection of
dark matter, are based on measuring the recoil energy of a nucleonddnk matter candidate.
In several supersymmetric scenaripg [36] the dark matter nucleon itiver&cmediated through
a Higgs boson. In this case the theoretical expression of the spin irdimtestattering amplitude
at zero momentum transfer involves the quark content of the nucleon putheono-term, which
is closely related to the scalar charge. Thus, computations of the nuck#anaad tensor charges
within LQCD will provide useful input for the ongoing experimental seacfor BSM physics.
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In these proceedings we focus on the tensor charge, which is the meyotant of the transver-
sity distribution functions, the last part among the three quark distributides@ing twist

a
NP S)| O IN(p.)), - OF = o™ -y (3.2)
Results on the isovector tensor charge are compared ifif Fig 3 for seli@eedtizations, lattice
spacings, and volumes. For all results, the plateau method has beem éhosemeaningful
comparison. Overall, there is a very good agreement among lattice daté#, albicexhibit very
mild pion mass dependence. We would like to highlight the data at the physica[pg, [42] that
provide a prediction for this quantity, free of uncontrolled systematics dakital extrapolations.
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Figure 3: Lattice results forgr as a function of thenm?, corresponding to: Ny=2 Clover
(QCDSF/UKQCD [3F,[18[ 21]),Nr=2 DWF (RBC [38]), Ny=2+1 DWF (RBC/UKQCD [3p,[4p],
LHPC [4]]), Nr=2+1 DWF on asqtad sea (LHPE J1J6] 41§;=2+1 Clover (LHPC [4]L]),N;=2+1+1
TMF (ETMC [A3]), Ny=2+1+1 HISQ (PNDME [4P]),Ns=2 TMF with Clover (ETMC [2}]).

The excited states contamination fpr have been also investigated, revealing a weak depen-
dence on the source-sink time separatipg [R1, [42,[2F]: the values from the plateau method do
not vary as a function ofsjnk and are in agreement with the value extracted from the summation
method, within statistical uncertainties.

On the experimental side there are available datgfarbtained from combined global anal-
ysis of the measured azimuthal asymmetries in SIDIS aedén — h;hyX (see, e.g.[[44]). There
are also results from model predictions, for instance the predictions byaaiant quark-diquark
model. However, direct comparison of the tensor charges from diffenedels and scales is not
always meaningful, since the tensor charges are strongly scaleedpieuantities, in particular at
low values of the renormalization scale. Therefore, ab initio calculatiogs &fom Lattice QCD
are extremely useful in providing reliable and model-independent premufictio



Recent progress in hadron structure from Lattice QCD Martha Constantinou

4. PDFson the L attice

Measurements of parton distribution functions in high-energy processbsas deep-inelastic
lepton scattering and Drell-Yan in hadron-hadron collisions are veryestieg since they provide
information on the quark and gluon structure of a hadron. To leading twestethuantities give
the probability of finding a specific parton in the hadron carrying certain mé&me and spin, in
the infinite momentum frame. Due to the fact that PDFs are light-cone correfatiotions (quark
and gluons fields are separated along the light-cone, defined in the idedwWki time), what is
calculated in LQCD are Mellin moments expressed in terms of hadron matrix elenfdotsl
operators. Although there is intense activity on the computation of such moimédatsce QCD,
it is highly desirable to have information on the PDFs themselves. The Mellin morsentslated
to the original PDFs through the operator product expansion (OPE)etw, the reconstruction
of the PDFs appears to be unfeasible since the signal-to-noise ratio leeememall for higher
moments. Also for moments with more than 3 derivatives there is unavoidable mikim¢gpwer
dimension operators, which complicates the renormalization procedurdditioa, there is limited
progress in calculations of gluon moments (see Seflion 6), which requiseandected insertion,
has low signal quality and operator mixing.

Recently, a novel direct approach has been proposed py] Ji #fdesting that one can com-
pute a parton quasi-distribution functioq(x;A, P,I"), wherex = k/|P|, A is an ultraviolet cutoff
scale P is the momentum of the nucleon, ahds the Dirac structure of the operator under study.
G(x,A\,P) is accessible on the lattice, and for large momenta, one can establish commetttio
the PDFs through a matching procedure. Such a matching appears inopngeldurbation the-
ory [#8] and the computation of quasi-distribution functions has beeiedasut in Ref. [4]7] using
Nf=2+1+1 HISQ gauge ensembles with clover valence quarks, and more recenty [Agg for
Nf=2+1+1 twisted mass fermions.

The momentum-dependent non-local static correlation is written as

> dz

2 X PLB(RreB A (o) P) (4.2)

GO, A\,P, ) =
wherex is the momentum distribution angf/s(2)4Z s the Wilson line introduced to ensure
gauge invariance in the quark distribution. Also, for simplicity, the momerustaken in thez-
direction. One of the characteristicsgp that, unlike the case of the physical PDFs, is non-zero for
x| > 1. When the momentum approached infinity one recovers the physical diigtrifflunctions,
q(x, 1), with the infrared region remaining the same. For finite but large enough mandemdq
are related via

a as [1 d
Q% H) = are(X) { 1+ 522 (W) } + 5= /X AV (x/y, U)Qbare(y)yy +0(a3), (4.2)
a dy

~ as [t .
Ze NP} [ A0y A Pl +0(02), (43)

G(X, A\, P) = Qpare(X) {1+ o7

wheregpare is the bare distributiorze andZg are the wave function correctiorg?) anddt® are the
vertex corrections. Alsqy is the renormalization scale arng= A /R is the largest possible value
of the momentum distributiors. The leading UV divergences to the quasi-distribution functions
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are computed in perturbation theory by havidixed, while sending\ — «. The UV regulator
A\ will be set to the renormalization scatewhen relatinggat finite momentum t@ at infinite
momentum.

On the lattice one computegx;A,P,, ") as defined in Eq[(4.1), which is then used in the Ihs
of Eq. (4.B) to calculate the rhs of Eqf. {4.2) -4.3) in order to extractttaek distribution. This
makes use of perturbation theory and to date results exist for the ndetsiage and t@(as) for
the vertex corrections and the self-energy. Thus, a combination offEg3- (4.3) leads to

G0N\, Py) = a(x, 1) + %Srq(x, W) {Ze (N Py) — Ze ()}

1 d
s 50 _qW ay 2
+ o | (@200%A R — a0y ) o)+ o(ad), @)
From the above expression one can isotfte 1), and by including at the same time anti-quarks
(q(x) = —q(—x)), Eq. (4.4) can be rewritten as

A% 1) = GXAP) - 526X A P)S (Z (/\,Ps)—ZF(u))

= [ (@ EAr—aviem) avar

o +0(ag). (4.5)

A nucleon mass correction My /P, can be also made to an arbitrary order. More details are given
in Refs. [47[4B].

A first study appeared in Ref [H7] for the unpolarized and polarizessigdistribution func-
tions using clover valence fermions onldp=2+1+1 ensemble of HISQ quarks corresponding to
my; ~310 MeV. The authors apply HYP smearing to the gauge links, which appeaninimize
the discretization effects. In addition, since the multiplicative renormalizatiaghhafs not been
computed yet, the smearing is important because it shift the renormalizatiotiofus close to
unity.

For the unpolarized case, the matrix element calculated on the lattice is

h(zA,P,) = <P) {0(z <|:| uz(nz)) w(0) ‘ﬁ> . (4.6)

Note that, in order to study the polarized operator one should simply substieusrtc structure
ys with y5 5. The matrix elements are computed with the nucleon boosted with moméhtam
2 AT 8T |n the left panel of Fig[]4 we show results for the isoveajosfiich is the Fourier
transformation oh(z A, P,) in thez coordinate

N dz _,
(X A Py) = [ o iz AR, @7)

The values for the momentuRy = 27, 47 8T gre shown with a red, green and cyan color, respec-
tively. One observation is that at moment&gh the peak of the distribution is centered around
x =1, where the physical distribution is, in fact, zero. For larger momenta thle giethe band
moves towards zero and centered aroxad0.5, 0.4 for P, = 4T" , GT" , respectively. Also, the value

of §atx =1 reduces as the momentum increases, which is expected, since for assatiptiarge
momenta the quasi-distribution functions approach the physical ones. | letticulations the

maximum momenta are limited by statistical accuracy, and thus, a large-momengativeffield
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theory should be utilized to relate the finite-momentgmo the physical ones. To do so, one can
use perturbative corrections, available to 1-loop levgl [46]. Due tcetigthiat the momenta are not
infinitely large, the nucleon-mass corrections -expressed in terig ¢f4P?)- are also important
and should taken into account as explained in Hef. [47]. The lattice dafaufoon the mass and
1-loop corrections have a milder momentum dependence, and one shalliddkirapolate to the
infinite momentum limit, using the fa+-b/P2. The extrapolated unpolarized isoveatds Shown

in the right panel of Fig[]4, where one observes that outside the régionl the curve drops sig-
nificantly, as expected. The lattice data are plotted with results from gloabisssby MSTW [4P]
and CTEQ-JLab[[§0], although no attempt for comparison is made sincediakde lattice data
cannot be extrapolated to the chiral limit nor the continuum, and no sousyst&matics has been
addressed.

L0 E E MSTW
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Figure 4: Left: Lattice results for the isovect@(X) using momentd;: ZT" (red), 4T" (green)%’r (cyan).
Right: Unpolarized isovectog(X) upon extrapolation i, with 68% C.L (orange band). Brown (green)
dotted line corresponds to global analysis of MSTW [49] (QF&_ab [5D)).

Another recent study of the unpolarized quasi-distribution function wa®pned by ETMC,
using an ensemble & =2+1+1 twisted mass fermions at; ~ 373MeV. The matrix elements
are computed for the 3 lowest momenBa= 27, 47, 87 since the statistical noise does not allow
to explore higher momenta. The dependence on the source-sink separatso studied, showing
compatibility within error bars. Two to five HYP smearing steps are applied toabgeglinks of
the operator, which as mentioned above, it is expected to bring the renatiwadifunction closer
to unity. Since the renormalization function for this quantity is not yet availabpee(turbative cal-
culation is in progresg [51]), a comparison between the unsmeared neihltee data from vari-
ous HYP smearing steps, reveals the influence of the renormalizationgidiegajhat the smearing
affect is stronger in the imaginary part. However, the authors of R8f.Ude the renormalization
function of the ultra-local vector current, since foe 0, the operator reduces to the local vector
current. As a test, one can check the value of the renormdtized 0, P,), defined in Eq6,
which is expected to be equal to 1. The authors find for instancé®at= 0, A\, 411/L) = 0.99(3).

In the left panel of Fig[]5 we show the isovectpiof P, = 4T” and 0, 2, 5 HYP smearing steps.
As can be seen, the difference between the 0 and 2 steps is more preddban the difference
of 2 to 5 steps, indicating a saturation of the smearing effect. These da¢spond to the 1-loop
and nucleon mass corrected results, and both the real and imaginargneatdgen into account.

10
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However, the difference between the various HYP steps indicated thptdher renormalization
will play an important role, and the renormalized results are expected te agttein statistical
errors.

The physical quark distribution functiancan be extracted from &nd then the mass correc-
tions may be applied. This is shown in the right panel of fig. 5 for momerRum GT’T The
authors find that while increasing the momentum fr?—éhto %’T, the peak of thei(x) — d(x) moves
to smaller values of, for the negative region, thd;(x) — u(x) becomes very small for most of the
x < 0 region. The latter is in qualitative agreement with the behavior of the ankigligtributions
as extracted from phenomenological analy$ek [49] 50, 52]. Theamuniass corrections lead to
a desirable decrease of the distributions in the largegion. Also, the mild oscillatory behavior
in the largex region is due to the fact that the Fourier transformation was performecdadugte
interval, thatid /2 <z< +L/2.

no HYP smearing 50
2 steps of HYP smearing 7777
5 steps of HYP smearing

14

1.2 -

1

08 |

06

0.4

02

0

Figure5: Left: Results for the isovectarupon one-loop and mass corrections for the momerRum4rn/4
and for 0, 2 and 5 HYP smearing steps. Right: The quasi-bigidn functiong; the PDF without subtracting
the mass correctiog, and the final PDFg(0), shown for momentuni, = GT". Various black lines show
phenomenological results at 6.25 Mefom MSTW [49] (CJ12 [5p]), ABM11 [5R].

5. Nucleon Spin

In 1989 DIS experiments at CERN showed that only a small amount of therpspin was
actually carried by the valence quarks. This was called “the proton sigig”¢ibut since then our
understanding on the proton spin has evolved. We now know that bothuttresgand sea quarks are
polarized and, thus, their contribution to the spin is essential. It is also stodérthat a complete
description of the spin requires to take into account the non-perturlstiveture of the proton.
Using the lattice QCD formalism one can provide significant input towardsnstehding this open
issue. The total nucleon spin is generated by the sum of the quark orimialba momentumL(®),
the quark spin%) and the gluon angular momentudf). The quark components are relatedfo
and the GFFs of the one-derivative vectofdt= 0

% = % (Lq+ ;AzQ> +39, )= % (AJo+BJy) . LI=J1-59 59=g{, (5.1)
wherelL9 AZ9 andJ? are gauge invariant. Since we are interested in the individual quarkitmontr
tions to the various components of the spin, one needs to consider thergistashcontributions.
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The computation of disconnected diagrams using improved actions with dyddenioéons
became feasible over the last years and for the proper renormalizatioe ioidividual quark and
isoscalar contributions one should take into account the singlet operatatsgoroper renormal-
ization (see Ref[[29] for further discussion).

A number of results have appeared recently where the disconnecteddntiibutions toga
are evaluated as shown in F{j. 6. We observe a nice agreement amaltg uséng a number
of methods both for the ligh{][d, L1, 6B,]94] 35] %6, 57], as well as ferstihange quark contri-
butions [B.[®[T1[A0 54, b5, B6,]57]. Fgi?™ we find ~ 10% contributions compared to the
connected part that must be taken into account in the discussion of theaspéd by quarks in the
proton. These contributions are negative and thus reduce the vajjﬁe of

00__;_;_L_;_;_J_;__;_L_;_;_L_;_;_J_Q%;__
L ® = |
¥
2 o1 : 1
% | ® QCDSF '11 (Clover, N¢=2)
e
o -0.2+ It ApC ia lover, N=2+1), bare
A CSSM/(%C SF/UK%SD "14 (Clover, Ni=2+1)
‘ ‘ BhaIta‘lc arya’15 (I-‘| SQ, N.:2+1‘+1)
0.20 0.25 0.30 0.35 0.40 0.45 0.50
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Figure 6: Disconnected contributions fgﬁl for the light (left) and strange (right) quark contributgon
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Figure 7: The total spinJ9, and the quark spir59, carried by the up and down quarks. The lattice data
correspond toNy=2+1 DWF and DWF on asqtad (LHP§ [58JNi=2 Clover (QCDSF/UKQCDI[§9]),
N;=2 TMF (ETMC [6]) Ny =2+1+1 TMF (ETMC [24]) Ns=2 TMF with Clover (ETMC [2})).

In Fig. [T we show results for the u and d contributions to the total sl¥injt is found that
the u-quark exclusively carries the spin attributed to the quarks in theatuslacel? is consis-
tent with zero for all pion masses and lattice discretization schemes. Thedjgaibution to the
intrinsic spin in also shown in Fi§j] 7. There is a nice agreement betweensihiésrat the physical
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pion mass using TM fermion§ [27] and the experimental values for both thadithe d-quarks.
The disconnected contributions have been neglected from most daf# &xoene TMF ensemble
atmy; = 375 MeV. The effect is shown by the shift of the filled blue square -wigabres discon-
nected contributions- to the violet triangle -which includes them. Although fleete small, it
is larger than the statistical error and thus one needs to take them into actbarattice results
thus corroborate the missing spin contribution arising from the quarks.

6. Gluon moments of the nucleon

To go further in our understanding for the structure of the nucleon anchtbsing contribu-
tions to its spin we need to consider contribution from the gluonic degreegeddm. In this
section, we will discuss lattice results that predict a sizeable contributioredfltions to the nu-
cleon spin. Investigation of the gluon distribution functions has also becorniglo importance
in major experimental facilities such as COMPASS and STAR. Experimentallyidloa glistribu-
tions can be determined from the QCD evolution of the DIS and DIS measutear@ha number
of groups are carrying out extended analyses.

While the quark moments have been studied extensiyely [27] there are daly @mputa-
tions for the gluon moments, mainly due to the bad signal-to-noise ratio, as wéek dact that
there is a mixing with the corresponding quark singlet operator. Here westigecent results
for the unpolarized gluon moment using different methods. This obsercab be evaluated by
employing the following gluon operator

from which one may extract the gluon moment by constructing appropriateioations of Dirac
indices

(N(p)| GEIN( >>—( +22><x> ot=oh-15 ot 6.2)
POy p_mNSEN 9> =Upy 3;“. )

The lattice discretization of the gluon operator is denotewbymd can be expressed in terms of
plaquettes
L_ 4B
Oy = 9a (Ztl’c[um(x,t)] — Z tI’C[Uij (X,t)]) . (6.3)
X ] i<

The advantage of this operator is that the gluon mom&jy, can be extracted directly from lattice
data at zero momentum transfer, as can be seen from the rhs ¢f Eq.H6®ver, the fact that
terms of similar magnitude are subtracted leads potentially to a noisy signal.

A direct computation of the gluon moment is related to the following ratio at zero mitomme

transfer
(IN(t)N(0)]p—0#(1)) o<t

(N(t)N(0)p-0)
which comprises of disconnected diagrams only. The three-point funcéionthus, be written as
a product of nucleon two-point functions and the gluon operator. Atthalisconnected contribu-
tions are notoriously difficult and noisy, applying smearing to the gauge lintkkeigluon operator
improves the quality of the signal. This was demonstrated in Réf. [61] iir@® + 1+ 1 twisted

MmN (X)g, (6.4)
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mass fermions ah; ~ 373 MeV. The authors test both HYP and stout smearings and find a signif-
icant reduction of the noise-to-signal ratios after five steps for the Hivéasing, and ten steps for
the stout smearing.

0.6
A° 041 -
x L |
v 0.2F -
i) i ]
w 0.0 —
8 00 3 5]
_O'ZTEH\H\H\H\H\H\i
0 2 4 6 8 10 12

t/a

Figure 8: The ratio for(x)q for N=24 1+ 1 twisted mass fermions at; ~ 375 MeV after 10 iterations
of stout smearing steps.

An example is shown in Fid] 8 for the ratio leading(i0g after 10 iterations of stout smearing
steps. A challenge with such a computation is that to obtain physical results)§othe lattice
matrix element needs to be renormalized. Since the gluon operator is singleed mith the
quark momentum fractiofx)q, as well as with other operators that are: (a) gauge invariant, or (b)
BRS-variations, or (c) vanish by the equations of motion. However, isiphliymatrix elements
the mixing with the operators (a)-(c) vanishes and the mixing reduces toZratrix, that is

OYS(k) [ Z () ZS (k) X)g
MS MS MS ) (6.5)
Sa(X)g - (H) g () Zgg (1) ) \ Za{X)q
wherep is the renormalization scale, usually set to 2 GeV. Note that, in the quencheskapa-
tion the mixing matrix simplifies considerably since b@ andZ,y become 1- Zyq and 1— Zgyg,

respectively. For the renormalization 04 the relevant matrix elements afgy andZqq and the
relation to the bare quark and gluon moments is

Z

(YS = ZNS(X)g + 20> S (X)q.- (6.6)
q

Due to the mixing and the involvement of disconnected contributions, an pigte renormal-
ization scheme to extract the multiplicative renormalization functions and the migeiffjcients
non-perturbatively is a difficult task. As a first step we thus use peatiatheory to compute the
elements of the mixing matrix. One of the advantages of the perturbative ¢aioyB] is that the
results can be computed directly in WS scheme without an intermediate RI-type step. Since the
gauge links of the operator are smeared for signal improvement, aragntiprocedure is also fol-
lowed in the perturbative calculation in order to match the non-perturbaticelation of(x)4. In
the calculation of Ref[[63] the preferred smearing is stout since it is tically defined in both the
perturbative and non-perturbative evaluations. Note, howevelirtliag¢ perturbative computation
of the renormalization functions introduction of smearing increases the mofidlgebraic expres-
sion, which explodes as the stout smearing steps increase. Currentigntpetation is performed
to 2 smearing steps, which already involved millions of terms. The smearingptais chosen
to be small, and thus, more levels of smearing is expected to bring in a very d$feeal] due to
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the polynomial dependence on the smearing parameter. For the work g6®ethe renormalized
matrix element atn; = 373 MeV in theMS at 2 GeV is found to be(x)y = 0.309(25).

An alternative approach to extract the matrix elements of the gluon opetdipesithe Eu-
clidean form of the Feynman-Hellman theorem. In this methodology an op&rétis introduced
into the total QCD action, and the matrix element of the operator can be extfemtethe deriva-
tive of the energy of the state with respeciito

OEN(A aSA
;f)zt jA%MmW®J7 6.7)

where ... : denotes the subtraction of the vacuum expectation value of the opeBgtoombin-
ing the above equations with the continuum decomposition expression, orextract the gluon
moment at zero momentum transfer

2 0my
e =353 -0
Note that the Feynman-Hellman methodology requires production of newegengembles for
each value of thél parameter (and each operator), which is computationally costly, especially
for my; close to the physical value. This methodology was applied in Reff. [64] in teaahed
approximation for clover fermions at ensembles corresponding to $exsdtees ofm; so that
the extrapolation to the chiral limit can be taken, as shown in[Fig. 9. The ekiteg value is
(X)g=0.43(7)(5), which, despite being quenched, itis close to the value of ETMC usinguigai

twisted mass fermion§ [p3].
08—

(6.8)

0.6 N

Coat g g g

0.2 N

I AU NNU S AR TN SRS !
0.0 0O 005 01 015 02 025 03
(am)?

Figure 9: (x)g for Ny=0 clover fermions[[g4] as a functions of the pion mass squdeeah;)2. The open
circle corresponds to the chirally extrapolated result.

A different direction for the computation of not only the gluon, but also tharlf moments
relies on a complete gauge-invariant decomposition of the nucleon spiE¢s¢g.1)) in terms of
the quark spin, the quark orbital angular momentum, and the glue angular ruomeperators, as
defined from the symmetric energy-momentum tensor. Thus, instead of Gampirectly J, and
Jg from the explicit definitions

Gi= it Lo [ax|Gureuut ke i) u]. - [dx|xx €8] ©9

one can calculate them from the energy-momentum tensor

. 1 .. . .
%gzédm/d%(zgﬂ—ggﬂj, (6.10)
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which in Euclidean space the quark and gluon operators are

y(E) o 1 i = — g — 6.11
(4itqg — (— )ZZWf [V4D| +Vi Da —YaDi =¥ D4} Y, (6.11)
o1
9{(4?})9 = (+) [— > > 271" (G Gy + Gi Gk4]] (6.12)
k=1

The complete calculation of the quark and glue momenta and angular momentauencoed
lattice for Wilson fermions has been presented in Hej. [65], including bainected and discon-
nected insertions for the quark contributions. Three ensembles havelvgdoyed withm,; =478,
538, 650 MeV. The overlap operator is used for the gauge field tewbarh leads to less noisy
results than that from usual gauge links. Details on the computation carube fo Ref. [65].
Regarding the renormalization of the operators, the authors use suntaulene renormaliza-
tion conditions on the lattice. This results from the fact that although the momeartdrangular
momentum fractions of the quark and glue are renormalization scale ancheaependent in-
dividually, their sums are not because the nucleon total momentum and angizgentum are
conserved. One thus obtains

Jo.g+ %Zld,g T(0) + T2(0)]qg,  (Xag=Z4gT1(0)qg (6.13)
and
(X)g+ (X)g = ZgT1(0)g+Z5T1(0)g = 1, (6.14)
It = ;{zgm(O)+T2(0)]q+sz[T1(0)+T2(0)]g} _ % (6.15)
which also leads to
Z4T2(0)q+ ZgT2(0)g = 0, (6.16)

providing sufficient conditions and cross-checks to obtain the renoratializfunctions.

Tl(qz) and Tz(qz) for glue

Kk, =0.1555 Té¢D) [
(pion mass = 478 MeV) e 2
0.5 - T5(q7) [
04| T8 + T5a) —o— ]
[T, + T,1%q%) —o—
TH0) —m—
0.1 | %’ %) i
0.0
0.1 | /‘{/Li/—’} i
02 ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5
-al

Figure 10: Ty, T for gluons and angular momentuigiusing quenched Wilson fermiorE[GS].

In Fig.[IQ we show results for the gluon contributions corresponding&aV&V. The extrap-
olated value for the gluon unpolarized momenpig, = 0.313(56), which is compatible with the
results presented above for both quenciief [64] and dynamical fesifigh
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7. Neutron Electric Dipole Moment

There is recently a major activity in LQCD computation of the neutron electridelipoment
(EDM), dy, which we review in this section. A non-zero EDM indicates the violation oityp&P)
and time T) symmetries, and consequently®P, probing physics BSM[[§6]. So far, no finite
neutron EDM (nEDM) has been reported and current bounds areestiltal orders of magnitude
below what one expects fro@P-violation induced by weak interactions. Several experiments are
under way to improve the upper bound on the nEDM value, with the bestimgral upper limit
being (6 [6B[69]

|dn| < 2.9 x 1023 fm (90% CL). (7.1)

To investigate theoretically a finite nEDM, we add to tBB-conserving QCD Lagrangian
density aCP-violating interaction term, proportional to the topological charge,

“Zqco(X) = 2;2“ [Guv (%) Gy (¥)] + Zfﬁf () (YuDp +me)gr (x) —i6a(x),  (7.2)

€uvpa Tt [Guy (X) Gpo (X)] (7.3)

1

wheres denotes a fermion field of flavdr with bare massns andGy,, is the gluon field tensor.
The so calledd-parameter controls the strength of iE-breaking, and the addition of th&P-
violating term leads to a non-zero value for nEDM. Tearameter can be taken as a small
continuous parameter allowing a perturbative expansion and only keeprfiler contributions in
6. This is in accordance to effective field theory calculations (see rafesewithin [7]L]) that give

a bound of the ordef < ¢ (1010 —10-11).
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Figure 11: The nEDM versusr for: a) Ny =2+1+1 twisted mass fermionﬂn] (blue square) correspond-
ing to a weighted average using different methods for etitrg€3(0)), b) Nt =0 DWF @] (magenta upward
triangles),Ny=2+1 DWF ] (red circles) antNt=0 clover fermionsﬂ?] (green downward triangles) by
extracting theCP-odd F3(Q?) and fitting itsQ?-dependence, d)j=2 Clover fermions|E5] (turquoise left
triangles) obtained using a background electric fieldNgh-2+1 clover fermions|E4] (orange diamonds)
by implementing an imaginar§.
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The quantity, which is of interest is the nEDMy, which at leading order & and in momen-
tum space is given by [70]

v g [B(@)
|dn| = GQILTOW’ (7.4)

wheremy denotes the mass of the neutr@?= — q2 the four-momentum transfer in Euclidean
space §=ps — pi) andF3(Q?) is theCP-odd form factor. In a theory witiCP violation we can,
therefore, calculate the electric dipole moment by evaluating the zero momeiatnsfetrlimit of
the CP-odd form factor. However, th€P-violating matrix element gives access@pFs(Q?) and
not to F3(Q?) alone, hindering a direct evaluation Bf(0). Details on different methods for the
extraction off3(Q?) can be found in Ref[T1].

Besides extracting the nEDM from ti@&P-odd form factor [7R[36[ 71, 71], there are alter-
native methods to compute the nEDM, such are the implementation of an imag@irf@4}, or
with an application of an external electric field and measuring the associategyeshifts [75]. A
collection of lattice results are displayed in Fig] 11, using different methadskf@iningdy, as
well as, different definition of the topological charge. We note that thalte of Ref. [7]] have
been extrapolated to the continuum limit.

8. Summary and Challenges

Lattice QCD has entered a new era in terms of simulations with the light quark sriassd
to their physical value. This is due to major improvements in algorithm and teamicpupled
with increase in the computational power. However, many challenges lielatleselopment of
appropriate algorithms to reduce the statistical errors at reduced abstdanessing systematic
uncertainties in order to compute accurately observables that repregpegmental data or can
probe beyond the standard model physics.

For hadron structure, simulations at different lattice spacings and leofjemes are crucial
for a proper study of lattice artifacts in order to provide reliable resultseatdintinuum limit. Such
studies require an accuracy, which is difficult to achieve with standardauetiNoise reduction
techniques are, thus, essential in order to settle some of the long-starstirgpedncies reviewed in
this talk. Similarly techniques developed for the computation of disconnecte#t mop diagrams,
such as the truncated solver methpd [78] need to be improved since tteydatefficient at the
physical point [5F]. Thus, new ideas will be needed to compute disatetieontributions to
hadron structure to an accuracy of a few percent. Utilization of new ctanptchitectures such as
GPUs has proved essential for the evaluation of disconnected diagnantisisiis a direction that
we will further pursue in the future.

Other open issues such as the nucleon spin need the evaluation of quaimitiase chal-
lenging to compute, such as gluonic contributions. As discussed in this reviewe are several
challenges in the computation of the gluon moments, including increased gaisgeand mixing
with other operators. Perturbation theory has been utilized in order tessfatly compute the
multiplicative renormalization and disentangle the operator mixing.

Evaluation of the nucleon matrix elements for the electromagnetic current irogy tivith a
CP-violating term in the Lagrangian, yields the value of the neutron electric dipolment from
first principles. Despite its difficulties, such a calculation can guide plaerpdriments.
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Despite the challenges of LQCD calculations, simulations at the physicahasiateliminated
one of the systematic uncertainties that was inherent in all lattice calculations past, that is
the difficulty to quantify systematic error due to the chiral extrapolation. Catiog observables
directly at the physical point holds the promise of resolving discrepanciégnchmark quantities
like ga and reliably compute quantities relevant for revealing possible new pHySivs

Acknowledgments: | would like to thank the organizers for their invitation to participate and
for providing partial financial support. | also want to thank my collabasaftor fruitful discussions.

References

[1] A. Antognini, et al.[CREMA Collaboration], Scienc839 (2013) 417.

[2] C. Carlson, Prog. Part. Nucl. Phy&2, 59 (2015), [arXiv:1502.05314].

[3] P. Mohr, B. Taylor, D. Newell, Rev. Mod. Phy84, 1527 (2012), [arXiv:1203.5425].

[4] R. Pohlet al, Nature 466 (2010) 213.

[5] M. Constantinotet al.[ETM Collaboration], JHEPLO08, 068 (2010), [arXiv:1004.1115].

[6] M. Constantinou, R. Horsley, H. Panagopoulos, H. P&rlRakow, G. Schierholz, A. Schiller,
J. Zanotti, Phys. Rev. B1, no. 1, 014502 (2015), [arXiv:1408.6047].

[7] C. Alexandrou, M. Constantinou, H. Panagopoulos [ETMl&mration], arXiv:1509.00213.

[8] R. Babich, R. Brower, M. Clark, G. Fleming, J. Osbhorn, @RI, D. Schaich, Phys. Rev. &5,
054510 (2012), [arXiv:1012.0562].

[9] G. Balietal.[QCDSF Collaboration], Phys. Rev. Lei08, 222001 (2012), [arXiv:1112.3354].
[10] M. Engelhardt, Phys. Rev. B6, 114510 (2012), [arXiv:1210.0025].

[11] A. Abdel-Rehim, C. Alexandrou, M. Constantinou, V. Bha K. Hadjiyiannakou, K. Jansen, G.
Koutsou, A. Vaquero, Phys. Rev. &, 034501 (2014), [arXiv:1310.6339].

[12] T. Yamazaki, Y. Aoki, T. Blum, H.W. Lin, M.F. Lin, S. Oh{&. Sasaki, R. Tweedie, J. Zanotti
[RBC/UKQCD Collaboration], Phys. Rev. Left00, 171602 (2008), [arXiv:0801.4016].

[13] T. Yamazaki, Y. Aoki, T. Blum, H.W. Lin, S. Ohta, S. SagdR. Tweedie, J. Zanotti, Phys. Rev.,
114505 (2009), [arXiv:0904.2039].

[14] S. Ohta [RBC/UKQCD Collaboration], PoS LATTICED13 274 (2013), [arXiv:1309.7942].

[15] Y.B. Yang, Y. Chen, T. Draper, M. Gong, K.F Liu, Z. LiuR.Ma [xQCD Collaboration],
POS(LATTICE2014)137, [arXiv:1411.0927].

[16] J. Brattet al. [LHP Collaboration], Phys. Rev. B2, 094502 (2010), [arXiv:1001.3620].

[17] C. Alexandrou, M. Brinet, J. Carbonell, M. Constantin®. Harraud, P. Guichon, K. Jansen, T.
Korzec, M. Papinutto [ETM Collaboration], Phys. Rev8B, 045010 (2011), [arXiv:1012.0857].

[18] D. Pleiteret al.[QCDSF/UKQCD Collaboration], PoS(LATT2010), 153 (201R)Xiv:1101.2326].

[19] S. Capitani, M. Della Morte, G. von Hippel, B. Jager, Atther, B. Knippschild, H. Meyer, H. Wittig,
Phys. Rev. 186, 074502 (2012), [arXiv:1205.0180].

[20] R. Horsley, Y. Nakamura, A. Nobile, P. Rakow, G. Schaeh J. Zanotti, Phys. Lett. B32, 41
(2014), [arXiv:1302.2233].

[21] G. Bali, S. Collins, B. Glassle, M. Gockeler, J. Najjgr,Rodl, A. Schafer, R. Schiel, W. Sdldner, A.
Sternbeck , Phys. Rev. 81, no. 5, 054501 (2015), [arXiv:1412.7336].

[22] J. Green, M. Engelhardt, S. Krieg, J. Negele, A. PodhinS. Syritsyn, PoS LATTICR012, 170
(2012), [arXiv:1211.0253].

19



Recent progress in hadron structure from Lattice QCD Martha Constantinou

[23] B.J. Owen, J. Dragos, W. Kamleh, D. Leinweber, M. MahtBibMenadue, J. Zanotti, Phys. Lett. B
723, 217 (2013), [arXiv:1212.4668].

[24] C. Alexandrou, M. Constantinou, S. Dinter, V. Drach,Jansen, C. Kallidonis, G. Koutsou, Phys.
Rev. D88, 014509 (2013), [arXiv:1303.5979].

[25] T.Bhattacharya, S. Cohen, R. Gupta, A. Joseph, H. W.RirYoon, Phys. Rev. [89, 094502 (2014),
[arXiv:1306.5435].

[26] R. Gupta, T. Bhattacharya, A. Joseph, H.W. Lin, B. YoBNDME Collaboration],
POS(LATTICE2014)152, [arXiv:1501.07639].

[27] A. Abdel-Rehimet al,, arXiv:1507.04936.
[28] J. Beringetret al,, Particle Data Group, Phys. Rev.88, 010001 (2012).
[29] M. Constantinou, PoS(LATTICE2014)001 (2015), [arXi#11.0078].

[30] H. Abele, M. Astruc Hoffmann, S. Baessler, D. DubbersGkick, U. Muller, V. Nesvizhevsky, J.
Reich, O. Zimmer, Phys. Rev. Le@8, 211801 (2002), [hep-ex/0206058].

[31] J. Nico, J. Phys. @6, 104001 (2009).
[32] A. Youngetal, J. Phys. Gi1, no. 11, 114007 (2014).
[33] S. BaelRler, J. Bowman, S. Penttila, D£Boic, J. Phys. Gi1, 114003 (2014), [arXiv:1408.4737].

[34] T. Bhattacharya, V. Cirigliano, S. Cohen, A. Filipuzid. Gonzalez-Alonso, M. Graesser, R. Gupta,
H. W. Lin, Phys. Rev. 85, 054512 (2012), [arXiv:1110.6448].

[35] H. Gaoet al,, Eur. Phys. J. Plu$26, 2 (2011), [arXiv:1009.3803].
[36] J. Ellis, K. A. Olive, In *Bertone, G. (ed.): Particle damatter* 142-163, [arXiv:1001.3651].

[37] M. Gockeler, P. Hagler, R. Horsley, D. Pleiter, P. RakéwSchafer, G. Schierholz, J. Zanotti
[QCDSF and UKQCD Collaborations], Phys. Lett6B7, 113 (2005), [hep-lat/0507001].

[38] H.W. Lin, T. Blum, S. Ohta, S. Sasaki, T. Yamazaki, PhHyev. D78, 014505 (2008),
[arXiv:0802.0863].

[39] S. Ohta, T. Yamazaki [RBC and UKQCD CollaborationsKiar0810.0045.

[40] Y. Aoki, T. Blum, H. W. Lin, S. Ohta, S. Sasaki, R. Tweedie Zanotti, T. Yamazaki, Phys. Rev.82,
014501 (2010), [arXiv:1003.3387].

[41] J. R. Green, J. W. Negele, A. V. Pochinsky, S. N. Syrit8ynEngelhardt, S. Krieg, Phys. Rev.8b,
114509 (2012), [arXiv:1206.4527].

[42] T.Bhattacharya, V. Cirigliano, S. Cohen, R. Gupta, dsejph, H. W. Lin, B. Yoon, arXiv:1506.06411.

[43] C. Alexandrou, M. Constantinou, K. Jansen, G. KoutsduPanagopoulos, PoS LATTICED13, 294
(2014), [arXiv:1311.4670].

[44] M. Anselmino, M. Boglione, U. D’Alesio, S. Melis, F. Mgra A. Prokudin, Phys. Rev. B7, 094019
(2013), [arXiv:1303.3822].

[45] X.Ji, Phys. Rev. Lettl10, 262002 (2013), [arXiv:1305.1539].
[46] X. Xiong, X. Ji, J. Zhang, Y. Zhao, Phys. Rev.9D, no. 1, 014051 (2014), [arXiv:1310.7471].
[47] H. W. Lin, J. Chen, S. Cohen, X. Ji, Phys. Revol) 054510 (2015), [arXiv:1402.1462].

[48] C. Alexandrou, K. Cichy, V. Drach, E. Garcia-Ramos, Kadjlyiannakou, K. Jansen, F. Steffens, C.
Wiese, Phys. Rev. B2, no. 1, 014502 (2015), [arXiv:1504.07455].

[49] A. Martin, W. Stirling, R. Thorne, G. Watt, Eur. Phys.A63, 189 (2009), [arXiv:0901.0002].
[50] J. Owens, A. Accardi, W. Melnitchouk, Phys. Rev8D, no. 9, 094012 (2013), [arXiv:1212.1702].

[51] M. Constantinou, H. Panagopould®&rturbative renormalization of quasi-distribution fuimns in
Lattice QCD

[52] S. Alekhin, J. Blumlein, S. Moch, Phys. Rev.88, 054009 (2012), [arXiv:1202.2281].

20



Recent progress in hadron structure from Lattice QCD Martha Constantinou

[53] Y.B. Yang, M. Gong, K.F. Liu, M. SunQCD Collaboration], POS(LATTICE2014)138,
[arXiv:1504.04052].

[54] S. Meinelet al.[LHP Collaboration], PoS(LATTICE2014)139.

[55] A. Chamberet al.[CSSM/QCDSF/UKQCD Collaboration], POS(LATTICE2014)165
[arXiv:1412.6569].

[56] T.Bhattacharya, R. Gupta, B. Yoon, PoS LATTIQ&14, 141 (2014), [arXiv:1503.05975].

[57] C. Alexandrou, M. Constantinou, V. Drach, K. Hadjiyrakou, K. Jansen G. Koutsou, A. Vaguero
[ETM Collaboration], POS(LATTICE2014)140, [arXiv:14BY.61].

[58] S. Syritsyn, J. Green, J. Negele, A. Pochinsky, M. Engedt, P. Hagler, B. Musch, W. Schroers, PoS
LATTICE 2011, 178 (2011), [arXiv:1111.0718].

[59] A. Sternbeclet al, PoS LATTICE2011, 177 (2011), [arXiv:1203.6579)].

[60] C. Alexandrou, J. Carbonell, M. Constantinou, P. HadieP. Guichon, K. Jansen, C. Kallidonis, T.
Korzec, M. Papinutto, Phys. Rev. &3, 114513 (2011), [arXiv:1104.1600].

[61] C. Alexandrou, V. Drach, K. Hadjiyiannakou, K. JansBnKostrzewa, C. Wiese, PoS LATTICE
2013, 289 (2014), [arXiv:1311.3174].

[62] M. Constantinou, H. Panagopoulos, in preparation.

[63] C. Alexandrou, M. Constantinou, V. Drach, K. Hadjiyrakou, K. Jansen, B. Kostrzewa, H.
Panagopoulos, C. Wiese, in preparation.

[64] R. Horsley, R. Millo, Y. Nakamura, H. Perlt, D. Pleité, Rakow, G. Schierholz, A. Schiller, F.
Winter, J. Zanotti [QCDSF/UKQCD Collaborations], Phystil. & 714, 312 (2012),
[arXiv:1205.6410].

[65] M. Dekaet al, Phys. Rev. 1, no. 1, 014505 (2015), [arXiv:1312.4816].

[66] M. Pospelov, A. Ritz, Annals Phy818, 119 (2005), [hep-ph/0504231].

[67] V. Helaine [NnEDM Collaboration], EPJ Web Conf3 (2014) 07003.

[68] C. Bakeret al, Phys. Rev. Lett97, 131801 (2006), [hep-ex/0602020].

[69] C. Bakeretal, Phys. Rev. Lett98, 149102 (2007), [arXiv:0704.1354].

[70] S. Barr, W. Marciano ifCP Violation”, ed. C Jarlskog (World Scientific, Singapore, 1988).

[71] C. Alexandrou, A. Athenodorou, M. Constantinou, K. fgidnnakou, K. Jansen, G. Koutsou, K.
Ottnad, M. Petschlies, arXiv:1510.05823.

[72] E. Shintani, S. Aoki, N. Ishizuka, K. Kanaya, Y. KikukawY. Kuramashi, M. Okawa, Y. Tanigchi, A.
Ukawa, T. Yoshie, Phys. Rev. 2, 014504 (2005), [hep-lat/0505022].

[73] E. Shintani S. Aoki, N. Ishizuka, K. Kanaya, Y. Kikukaywd Kuramashi, M. Okawa, A. Ukawa, T.
Yoshie, Phys. Rev. 05, 034507 (2007), [hep-lat/0611032].

[74] F. Guo, R. Horsley, U. Meissner, Y. Nakamura, H. PerlR&ow, G. Schierholz, A. Schiller, J.
Zanotti, Phys. Rev. Letfl15, no. 6, 062001 (2015), [arXiv:1502.02295].

[75] E. Shintani, S. Aoki, Y. Kuramashi, Phys. Rev.7/B, 014503 (2008), [arXiv:0803.0797].

[76] E. Shintani, T. Blum, A. Soni, T. Izubuchi, PoS LATTICE13, 298 (2014).

[77] A. Shindler, T. Luu, J. de Vries, arXiv:1507.02343.

[78] G. Bali, S. Collins, A. Schéafer, Comput. Phys. Commifi, 1570 (2010), [arXiv:0910.3970].

21



