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In this presentation we review our recent attempt to addmessgjuestions concerning dynamical
correlations inside the nucleon: (i) is the non-pertuseatjuark-quark interaction particularly
attractive in the color antitriplet 0 diquark channel? (ii) are such correlations induced by in-
stantons? We define appropriate ratios of Euclidean thogg-functions which encode specific
information about two-body correlations and can be congpatethe lattice. We analyze such cor-
relations functions in different models with very diffeteliquark content: a naive non-relativistic
SU(6) quark model, the Random Instanton Liquid Model andQiuark Chiral Soliton Model.
We show that such models lead to radically different préatist We conclude that a lattice QCD
calculation of such correlation functions can determinétvipicture is most realistic.
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Figure 1. Predictions for the ratiofRy(r) = py(r)/py(r) (LEFT PANEL) and for the ratioRx(r) =
Pysys (1) /Py (r) (RIGHT PANEL) obtained in the Non-Relativistic Quark Mod&RQM), in the Random
Instanton Liquid Model (RILM) and in the Chiral Soliton Mod€SM).

1. Introduction

The question if the non-perturbative interaction in QCD is characterized pgrticularly
strong attraction in the color anti-triplettOdiquark channel has long been debated. From a phe-
nomenological perspective, some evidence in this direction has beemaghthd¢he last decades
(see [1] for a recent review). For example, it has been observédhthanti-triplet 0 diquarks
play an important role in non-leptonic weak decays of both hyperons aadsk[2, 3]. From a
more fundamental perspective, however, a conclusive proof is stilingistattice gauge theory
represents the only presently available tool for performing non-pextivebcalculations in QCD
and can be used to investigate the role of diquark correlations, fronpfinsiples.

In this talk we review a recent investigation on diquarks correlations in toteon[4]. For
alternative studies on diquark correlations in vacuum or in heavy-ligthtoms see the contribu-
tions of Orginos and Lucini, in this conference. We identify and study afskittice-calculable
matrix-elements, which are very sensitive to the spin-flavor structure ajubek-quark interac-
tion. In order to show that these matrix elements encode important informatidioark corre-
lations inside hadrons, we compute them using three different phenorgaablmodels: a naive
Non-Relativistic Quark Model, in which dynamical diquark correlationsabeent, the Random
Instanton Liquid Model, where'0diquarks are strongly favored by the 't Hooft interaction, and a
Chiral Soliton Model, where the 't Hooft interaction is treated at the medd-feel, hence with
no dynamical two-body correlations. We show that these models lead taliengnt predictions.

In addition, we also propose a lattice calculation to check if the strong attraatithe 0"
anti-triplet diquark channel is mediated by instantons.

2. Diquark density matrix elements

Direct insight on quark-quark correlations inside specific hadronseagained by focusing
on two-bodylocal density operators, which simultaneously probe the position and thestéisc
guantum numbers of two quarks. In this view, we consider a set offfelaroperators (which we
shall refer to agliquark densitiels in which two quarks with quantum numbers of & a@nd 1"
color anti-triplet diquark are destroyed and re-emitted, in the same point.
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We work with Euclidean space-time and we defiher) = Fﬁ‘T(r,O)Fr""(r,O), with F2(x) =
3%, (X)CT dy(X). C =iy is the charge-conjugation operatbre {1, ys, yu, Yu ¥s,0uv} and
a,b,c are color indices. The operatBf(x) absorbs two quarks in a point with quantum numbers
of a color anti-triplet diquark. For examplE(x) annihilates a 1 diquark, whileFZ(x) absorbs
0" diguarks. Hence, the matrix element:

pr(r) = (P|Dr(r)|P) (2.1)

measures the probability amplitude to find at time O two quarks at the pointin the proton, in
a anti-triplet color state and with quantum numbers specified. by

The choice of” determines the transformation property of Ef§x) operator under exchanges
of the flavor indices. FoF = y, the diquark state is an iso-scalar state. When y* the diquark
state is an iso-vector state.

In the following section we discuss how the comparison of the different meligiments (2.1)
can provide useful insight about the strength and the spin- and flstvacture of the quark-quark
interaction.

2.1 Arethecorreations O+, 3 channel particularly strong?

If the quark-quark interaction is particularly attractive in thedhti-triplet diquark channel we
expect that the 0diquark densityy (r) should be enhanced with respect to a scenario in which the
interaction is not particularly attractive. In fact, thendd quarks would have a larger probability
“to be found” in the same point and be destroyed by the local opefFgtos).

Hence, in a scenario in which"@iquark correlation are particularly strong we expect that the
ratio

_ DY4(r)
Dy (r)

should be suppressed with respect to a scenario in which direct dynamoicalations are not
particularly strong in this channel.

To quantify this statement let us compare the predictions for this ratio obtairteé ihree
models discussed above. The results of our phenomenological calcslateoshown in Fig. 1(left
panel)l. In the SU(6) Non-Relativistic Quark Model, in which there are not dynamical diquark
correlations, this ratio is completely determined by 8id(6) spin-flavor structure of the wave-
function, and is identically equal to 1/3. In the Random Instanton Liquid Nidei€r) is sizebly
reduced in magnitude (by a factar5). The prediction of the Chiral Soliton Model is very different
from that of the Random Instanton Liquid Model Inside the soliton (i.e|fo€ 0.7 —0.8 fm).

In particular, ar = 0 the p-wave contribution from the lower components of the spinors vanishes
and one recovers the Non-Relativistic Quark Model Results. Thaiquark density in the soliton
drops down very rapidly at the border, where the pion field is most intense

These results can be interpreted as follows. In the Random Instantoid Magulel, the spin-
and flavor- dependent 't Hooft interaction generates a strong attnasticch enhances the proba-
bility amplitude of finding two quarks in the same point in thednti-triplet configuration, relative

Ra(r) (2.2)

1we refer the interested reader to our original work for all the details ofahaulations
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to the amplitude of finding them in the" kconfiguration. This explains why the Random Instanton
Liquid Model prediction forR;(r) is much smaller than that of tH#&UJ(6) Non-Relativistic Quark
Model and the Chiral Soliton Model.

Based on this discussion we conclude that, if the non-perturbative QCiaétitsns generate
a strong correlation in theOanti-triplet channel, then we predict that the curve obtained from a
lattice calculation should lie much below 1/3. If lattice simulations foundmaét) ~ 1/3, than this
would imply that diquarks are not particularly correlated in thediquark channelRy(r) > 1/3
would represent an indication that the quark-quark interaction is lesstatérén the 0 channel,
relative to the T channel. This would certainly be a very surprising result, since ?:ae:?(f)
channel is favored by both the perturbative and the instanton-mediateatciinas.

2.2 Arethediquark 0+, 3 correlations induced by instantons?

The ratioRy(r) does not encode information about the microscopic dynamical mechanism
underlying such diquark correlations. In fact, two completely differerirg-quark effective inter-
actions (e.g. one with a chirality-conserving vertex and one with a chiraiiigfig vertex) may
lead to the same predictions, as long as the short-range attraction in ti@fnel is sufficiently
strong.

In order to gain some insight on the microscopic origin of diquarks we neethatyze a
different ratio:

Ry(r) = Pl (2.3)
Pys (1)

The results of our calculations in the three phenomenological models amge@n Fig. 1
(RIGHT PANEL). In the Non-Relativistic Quark Model, both tpg. (r) and py,(r) densities
probe the 0 diquark content of the proton, $&(r) = 1. Also the Random Instanton Liquid
Model prediction remains almost constant, but its magnitude is smaller than th&&lativistic
Quark Model, by a factor 3 or so. The fact that, in the Random Instantprid-Model,Ry(r) < 1
has an important dynamical explanation. It is due to the different sensitivitye numerator and
denominator to the so-calledirect-instantoncontribution. Thepy(r) diquark density receives
maximal contribution from the interaction of quarks with the field of the closhst¢t) instanton,
in the vacuum. This statement can be verified by computing the correlator imtile-sstanton
approximation, discussed in [6]. On the other hand, the density in the deatomin ,,(r) does
not receive such a direct-instanton contribution and instanton-indufezdsecome only from the
interactions of quarks with many instantons. The magnitude of the latter cdrariblare para-
metrically suppressed by the diluteness of the instanton vacuum.

We remark that the very strong channel dependence of hadronielatgyn functions is a
well-known dynamical implication of instanton models. It is quite hard to obtain tiféstein
alternative dynamical mechanisms. In the Chiral Soliton Model, the Ratio) remains of order 1
for |r| < 1 fm and drops rapidly at the border of the soliton. The significant dewiatithe Chiral
Soliton Model result from the Random Instanton Liquid Model predictioowshthat a mean-field
approach does not capture correlations associated to the direct-instéfietis.

From this discussion it follows that, if the scalar diquark correlations arelynaiduced by
instantons or in general by a Nambu-Jona-Lasinio type of interaction Kix@llg symmetric, with
a chirality flipping vertex), then a lattice measurement should gjye(r) < py(r), SORx(r) < 1.
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3. Diquark densities on the lattice

In this section we discuss how the diquark densities defined above camipeited in lattice
QCD. It should be mentioned that this approach does not only apply to Latlcalations. In
fact, the same approach was used to compute the diquark densities matrixtslgntie® Random
Instanton Liquid Model, in which the Monte Carlo average over all gaugégarations is replaced
by and average over the configurations of an instanton liquid ensemb&gHtart by considering
the following Euclidean three-point correlation function:

G"(x,xt,y) = (0] 3% (x¢) Dr(y) 3°(%) |0), 3.1)

whereDr (y) is the diquark density operator, adfl(x) = gapcul (X) Cysdp(X) UZ (X) is the usual
interpolating operator which excites states with the quantum numbers of e pro

The correlator (3.1) represents the probability amplitude to create a state witjuémtum
numbers of a proton at poirt, to absorb and re-emit two quarks in a given diquark configuration
at a the poiny, and to finally re-absorb the three-quark state at the pgint

Next, we insert two complete sets of eigenstates of the QCD Hamiltonian in (31 pPeaame-
trize the matrix elements of diquark densities as:

(N(p',9)|Dr (Y)IN(p,9)) = hr(6?) e Ty (p') us(p). (3.2)

We obtain, after some straightforward manipulation [4]:
G (%, x,y) =\ /d42 R(Y—2) Tr[S(x1;2) S(zx) ], (3-3)

whereS(X, x) is the nucleon propagator in coordinate spaceRiyl is the 4-dimensional Fourier
transform ofhr (¢?).

The physical interpretation of this result is the following. In the large Eualideeparation
limit, the correlatorG' (x;,x;,y) is parametrized by the functioRr(x), which encode informa-
tion about the probability amplitude to find the diquark at a given distance tinencenter of the
nucleon. The convolution dR-(x) with the trace of proton propagators takes into account the
de-localization of the position of the center of mass of the proton.

In order to clarify the relationship between the correlator (3.1) and thedigilensity (2.1) it
is instructive to consider first the static approximation for the nucleon, intwiic— oo. In this
limit Eq. (3.3) becomeS™ (x,xt,y) = 2 A2e" XXM 5(x —x;) [dz Rr(r,z). where we have
used translational invariance to sgt= 0 and we have introduced=y — x;, the distance between
the center of the proton and the position where the diquark is absorbedadthintegral term in
this expression represents the time-integrated probability amplitude to find arkligiua distance
r from the center of the nucleon. We can therefore identify this quantity witldidneark density
(2.1) defined in section (2):

pr(r) = [ dzRe(r,2) (3.4)

Hence, for an infinitely heavy nucleon, the expression relating thelatoe function (3.1) to the
diquark density is simplyG' (x, x¢,y) = 2 A? g (KixIM O(Xs —X;) pr(r).
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If the nucleon mass is kept finite, there are corrections to the static limit expne&3.4),
arising from replacing the static propagator with the exact expressioa.résult, the convolution
function T{S(x¢;2)S(z, )] in (3.3) — which determines the position of the center of mass of the
nucleon— is de-localized on a volume which depends on the Euclideanttirties straightforward
to verify that for a typical madsl ~ 1 GeV and a typical Euclidean separatior 1 fm the position
of the center of mass of the nucleon is smeared on a volume of radu8 fm, centered around
the origin, therefore rather small. From this discussion we conclude tinzd o diquark densities
can be estimated with an accuracydf~ 0.3 fm by computing ratios of correlation functions
G (x¢,%,Y)/G" (x¢,%,y) with Euclidean time separations between nucleon overlap operators and
diquark density operators of the order of the fm. For example, in the Rardstanton Model
calculations shown in the previous session, we have computed (3.1)imfpops= x; = 0,y =
(0,0,r,0) andx? = —x* := 1, with T = 1 fm.

Notice that taking ratios allows to maximally reduce the effects of the corredionto center
of mass de-localization. In fact, such corrections affect in the same athytie numerator and the
denominator and do not change the normalization of the correlation function.

4. conclusions

In this work we have addressed the question of how is it possible to studipddw diquark
correlations in hadrons, using lattice QCD. We have identified some suitablededticulable cor-
relation functions, which allow to probe directly the diquark content of tredamn. In particular,
the ratioRy(r), defined in Eq. (2.2), measures the strength of the correlations sctétar diquark
channel, relative to that in thetichannel. We predict that a lattice measurement must lead to
Ri(r) < 1/3if scalar diquark correlations are dynamically enhanced.

The ratioRy(r), defined in Eqg. (2.3), can be used to check the hypothesis accordirtgab w
diquark correlations are mediated by instantons. We have argued that, daskiswe expect that
lattice measurements should giRg(r) < 1.

We have computed these ratios using three phenomenological models. @/é&bad that
they lead to radically different predictions for the matrix elements we havetedle Hence, a
lattice measurement could point out which picture is most realistic.
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