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Orbital angular momentum parton distributions in light-front dynamics
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We study the quark angular momentum distribution in the nucleon within a light-front covariant quark
model. Special emphasis is put into the orbital angular momentum, a quantity which is very sensitive to the
relativistic treatment of the spin in a light-front dynamical approach. Discrepancies with the predictions of the
low-energy traditional quark models where relativistic spin effects are neglected are visible also after pertur-
bative evolution to higher momentum scales. Orbital angular momentum distributions and their contribution to
the spin sum rule are calculated for different phenomenological mass operators and compared with the results
of the MIT bag model.

PACS numbegps): 12.39.Ki, 13.88+e

[. INTRODUCTION holds for reference frames with definite nucleon polarization
and the OAM distribution could be measured through the

The European Muon CollaboratigieMC) measurement forward limit of skewed parton distributions.
of the integrated helicity parton distributiop$] (for recent One peculiar feature, already expected by general argu-
results at SLAC see Ref2)) triggered interest in a deeper ments[5,8], is explicitly realized in the evolution equations,
understanding of how the total angular momentum of thenamely that the OAM distribution is coupled to the helicity
nucleon is shared among its constituents. It was found thgparton distributions. As a consequence, OAM contributions
the fraction of the nucleon spin carried by the quarks wasan be generated, through evolution at higher scales, even in
rather small, at variance with the most naive quark modethe case of vanishing OAM components at low initial had-
expectation where the proton spin(@mos} entirely built  ronic scale. This is indeed the case for most hadronic models
from the spin of the quarks. Among the different explana-where the quarks are arranged, in the ground state, lin a
tions of these discrepancies it was propo$8# that the =0 Swave configuration, stressing the crucial role @f
(overlooked until thenpolarization of the gluons might also evolution for the evaluation of spin observables or, in other
contribute to the singlet axial charge through the axialwords, the roughness of the identification of constituent
anomaly. In that case, experimental data would be compaguarks with partons at all energy scales.
ible with a rather large fraction of the spin carried by the From a quantitative point of view, some studies are cur-
quarks A2 =0.45+0.09 in a recent world data analy$#),  rently availabld 13—15. In particular, in Ref[13], the OAM
though still far away from the nonrelativistic quark model distributions have been calculated for a number of hadronic
predictions. models. As a first step these quantities are evaluated at the

One of the most important issues raised by the “spin cri-hadronic(low energy scale and then evolved to the experi-
sis” was the need for considering all possible sources ofnentaIQ2>,u§ scale by using the leading ordérO) evo-
angular momentum in the nucleon. Therefore, the spin surtution procedure recently establishig]. One central conclu-
rule should read5,6] sion of that work is that a sizeable initial OAM distributions

1 1 can deeply influence the final high-energy results. As a con-

- 2 2 2 2y_ = sequence, a clear difference arises between non-relativistic

ZAE(Q JHAGQY)+La(QD)+Lg(Q) = 2’ @ and relativistic models: while the former usually give a tiny

OAM contribution at,ué, the latter may give rise to sizeable

where3 A3 (Q?) [Ag(Q?)] is the spin carried by the quarks effects at highx that persist after evolution. To this respect,
and antiquarkggluons and Lq(QZ) [Lg(QZ)] is the orbital OAM distributions are useful quantities to assess the rel-
angular momentunfOAM) contribution of the quarks and evance of relativistic effects in the hadronic models of the
antiquarks(gluons [7]. nucleon.

The significant role of the OAM was pointed out several In a recent study we investigated the consequences of a
years agd5,8], but the problem was rigorously formulated light-front treatment of relativistic spin effects on the helicity
only recently, when a gauge invariant definition of the quarkdistributions[16,17 and in the present paper we want to
and gluon(twist-two) operators was propos¢€,10]. In ad-  enlarge our analysis to OAM investigating in detail the pre-
dition, there has been a big effort to derive evolution equadictions of a light-front covariant quark model. As a matter
tions (at one-loop levelfor OAM observable$9,11]. Atthe  of fact, the spin dynamics can be discussed within the light-
present there is only one gauge invariant definition of quarkront approach in a way which respects covariance require-
OAM [9] with known Q? evolution and experimentally ac- ments and particularly suitable to discuss deep inelastic po-
cessible(for a discussion see Ref12]). Such a definition larized processes, both at the hadrofi&—17 and high-
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energy(partonig scale[16,17]. We will show that light-front From the previous definitions one can recover the result
ay(p g p

covariant quark model$LFCQM) predict a nonvanishing L,(x,u3)=0 obtained assumin@wave quarks only, and
OAM distribution whose main features survive after evolu- nonrelativistic approximatiofi.e., L (k) =0]. A more com-
tion. We will also see that these predictions hold for a varietyyjicated example within nonrelativistic dynamics, is given by
of mass operators indicating that the relevant ingredient igyogels whose nucleon wave function is a superposition of
the relativistic treatment of the spin wave functions, absen{,5rious SU6B) components, such as the Isgur-Karl model
In many tradltllonal formula.uc.)n_s of the quark model. The[21]. The nonvanishing contribution th(IZ) in these cases
comparison W't.h other relativistic mode{sIT bag r_node] is due to theD state(or higher wavepadmixture. For ex-
and the analysis of the moments that enter the spin sum ruré?mple in the Isgur-Karl model, the OAM distribution of Eq.

will allow us to assess the reliability of LFCQM. (4) results to be proportional to the state probabilityad

[13] and its contribution is very smallag = —0.067).
Il. OAM AT THE HADRONIC SCALE This situation is radically changed in a light-front covari-

In the recent years a quark model-based approach h&t quark model. In light-front dynamicd FD) [22], the
been developed for computing the nonperturbative inputs i§Pecific partition of the Poincarelgebra into kinetic and
the evolution equation§18] and describing polarized and Hamiltonian generators leads to several simplifications of the
unpolarized parton distributions. Schematically, the centrafelativistic many-body problem such as, for example, the
assumption is that at some low-energy scajel)( the clean separation of the center of mass motion. The prize to
nucleon is made up of valence quarks that can be identifie§2Y iS that the description of angular momentum is rather
with the constituents of the quark modet the bag model in complicated. Not all the generators of rotations, in fact, be-
alternative treatments Therefore, the nonperturbative 'ON9 tO the kinetic subgroup, and hence the angular momen-
boundary conditions can be evaluated by using low-energfHM OPerator is, in general, interaction dependent.
models of the nucleon. Subsequent refinements led to the FOr this reason, in the phenomenological applications of

inclusion of nonperturbative gluons and sea at the hadronig':[k) to"theTﬂuark model, it _isﬂczustcr)]ma'ry tgdyvork inhthe
scale,ué [19], as well as the explicit partonic content of the akamjian- fhomas COUS”“C“C[ ], that is adding a phe-
constituent quarkE20]. nomenological interaction to the free mass operator, only.

By following such a procedure we will assume that at theHowerr, the rgsultlng total angular momentum operator, a_I-
tgough interaction free, does not satisfy ordinary composi-

hadronic scale only valence quarks are resolved so that t . -
Y q rhon rules. In order to restore them, a unitary transformation

quark helicity distributiongs (x, ) for a given flavora is of the Hilbert space, known as Melosh rotativiR), has to

given in terms of the momentum density of the valencebe applied. In particular, if the nucleon is inSawave state,

quarks: such rotation acts only on the spin part of the wave function.
1 o i < K The D2 representation of the MR is given by
93X, u)= zf dk[n;(k>—ng(k>]5(———), L
(1-x) I-x My (M+w+k)—io-(zxK,)

2 DYIRy(K)]= (6)

[(M+ w+k,) 2+ k212
wherex is the Bjorken variableM  the mass of the nucleon
andk™ is defined as a function of the parton momentum as As a result, motion and spin are now intimately correlated

KT = /I22+m2+kz. The polarized momentum densities are @S it is required by a relativistic theory. The MR can be
interpreted as the boost transformations required to move

defined as
_ from the rest frame of each subsystéquark to the rest
N A s frame of the total systertnucleon.
n;l(k)=<N,JZ:1/2|Zl Pa——oki—K)IN,J,=1/2), In the present study we will not investigate &Wbreak-
=

ing effects in spin-isospin space: the nucleon wave function

will correspond to ars wave. This simplifying assumption
whereP, is the flavor projector. ensures that the' n_onvanishing OAM contribution originatgs
An analogous definition can be worked out for the OAM fror_n pure relat|V|st|(_: effects due to the treatment of the spin
distributions[13] in Il_ght_-front dynamics. Indeed the M_R gives rise to a non-
vanishing angular momentum density even if the spatial

wave function corresponds to & wave and the angular

©)

+

1 L X
Lz(x,,ug)z —zf dkLZ(k)é(r— M_> (4) momentum density can be written, for a ®Usymmetric
(1—x) X Mn spin-isospin wave function, as
where the density of the angular momentum is defined in the 1 Ef )
usual way L(k)== (k), (7)

—n
; 3 (m+w+k,)?+k?
L,(K)=(N,J3,=1/2>, —i(kjxV),8(ki—Kk)|N,J,=1/2). . _ o
AK)=(N.J, |i21 (kix Vi) 8k =K)IN.J, ) wheren(k) is the total momentum density, defined in the
(5)  usual way
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(8) deviates from 0 at the initial stages of evolution pointing out
the limits of the attempt, carried out in R¢lL4], of extract-

3 o due to the form of théb-dependent coefficients, it quickly
2, o(ki—k)| Wy ),

n(|2)=<qu

) ) L ing information onL, from Eq. (11).
and normalized to the number of particlefn(k)dk=23]. Coming back to our evaluation of OAM, Eq€7)—(9)

Recalling the expressions for the polarized densities that enspow that the exact ratio between the amount of OAM and
ter the helicity distribution$16,17 spin will depend on the specific form cuf(lz), or equiva-

na(g)_nﬁ(g): —4[n3(|2)—né(|2)] lently, on the spatial nucleon wave function. Let us note,
however, that the momentum density averages many details

4 (m+w+k,)2—k> of the spatial wave function and to this respect, the sensitiv-

=— n(k), 9) ity of the final results to the fine details of the spatial wave

- 2., 02
9 (m+w+k,)2+K2 function is reduced.

In the following we will discuss predictions obtained
ving explicitly the mass equation:

3
> VkZ+m?+Vv
I

with an hypercentral phenomenological potential

one can check that the total angular momentum sum rule i§ol
automatically fulfilled at the hadronic scale

1 1 0 — —
5 f (93¢, 1) + g, u§)) dx f dxLy(x, 1) =5 M= V=BV 4

(10

Another interesting relationship connetisto the longi-
tudinal (g;) and transversity i{;) parton distributions, V=— Z+K|§+A (15)
namely[14] '

95 (X, 1d) + L3(X, 1) = h3(x, u3), (1D where¢ is the hyperradius defined in the usual way and
) o ) , .k, andA are free parameters that are fixed by spectroscopy
and is naturally satisfied in our approach. This r6|at'0n3h'9equirements[16,23,24. It is worthwhile mentioning that
also holds for other relativistic models of the nucleon, such\r has no effects on the energy levels of the confining mass
as the bag mo%iel. Let us stress that Bd) is valid at the  harator(14), (15) explaining to some extent the success of
hadronic scalg. only and one should be careful when using nonrelativistic(or relativized approaches in reproducing the
it to extract information about] because it is broken by paryonic spectrum. On the other hand, another remarkable
evolution, even at small values @?. This can be easily effect of the relativistic mass equation is the enhancement of
demonstrated by considering the singlet combination correthe high momentum components in the nucleon wave func-
sponding to Eq(11), i.e., tion. Since the MR factor involves momentum dependent
2 2 2\ terms, the final results will be biased by the presence of these
2 (X 10) L2, o) =H(X,140) =0, (12) high-momentum components. In order to test the sensitivity
= to the details of the momentum density we will consider an
where 3 (x,u0) =2[01(x,#8) +91(x.48)] and H(X.48)  aqditional scenario where the MR factors are combined with
=3 [h3(x,u3) — h3(x,23)1.> In order to check the validity a wave function obtained from the nonrelativistic Schro
of Eq.(11) atQ?> Mg let us evolve(at LO) the first moments  dinger reduction of Eq(14) with the same form of potential

of the left-hand side of Eq.12): (15). This new spatial wave function, hereafter indicated by
¥’ will contain far less high momentum components. In
2 2 _ 2
(Z06Q)1+H(L(x,Q7))1=(H(x,Q)) fact one of the risks of guessing the wave function instead of
1 solving the mass equatidf4) explicitly, is to underestimate
zz(l—b’5°’81)<2(x,,u§))1+(b*5°’81—b’4’27) the contribution coming from the high-momentum compo-

nents of the correct solution, mostly carried over by the rela-
9 tivistic kinetic energy operator in the mass equation. Al-
X(H(X,18))1+ %(1—b_50/81), (13 though the use of MR is not fully consistent whan' is
considered, since it was derived from a nonrelativistic mass

Whereb=|n(Q2/A2)/In(,u§/A2). Clearly, the right-hand side equation, we will discuss it as a “pedagogical” example that
of the equation above vanishes onlyQf= 2. Furthermore represents an extreme scenario where high-momentum com-
Ko " ponents have been strongly suppressed. The comparison of

results obtained with’ and W' will serve to establish
B bounds on the effects of MR.

The minus sign in front ohj comes from the properties of the
operator that defines the transversity under charge conjugation, and Il. RESULTS AND DISCUSSION
therefore the analogous of E@ll) for antiquarks should read
93(x, 1) + L3(x, u2) = —h3(x,u2). Though our model does not The obtained OAM distribution at the hadronic scmé
contain antiquarks at the scalé, this relationship can be easily EQ.(4), for the wave functionV’, the solution of Eq(14), is
checked in the bag model. shown in Fig. 1a). The outcome for the modified scenario
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4 C R Ty FIG. 2. Gluon orbital angular momentum distributions calcu-
C ] lated atQ?=10 Ge\? with the wave function¥ (solid line), ¥’
3 (b) ] (long-dashed ling and the bag moddkhort-dashed line
— 2 - parison between Figs(d) and 1b) one can see that the MR
g F . (and not the specific shape of the spatial wave fungtisn
E‘ = ] responsible for this sizeable OAM. In noncovariant quark
C ] models such as the Isgur-Karl model, where MR is omitted,
C N the OAM distributions is almost flqt13]. Even when con-
or ] sidering aD-model[25] where the probability of th®-wave
E e e ] component is raised up to a 20%, the resulting OAM, though
-1 T — comparable in size to those obtained here, are peaked at
= [ B Ll lower x. Nonetheless the large deformation of the nucleon in
01 02 05 - = 5 1 the D-model should not be taken as realistic.

X

In order to bring the OAM distributions to the high-

4 T T L B energy experimental scale, we use the recently obtained evo-
lution equations at L(Q9,26]. In the process the OAM dis-

(c)

tributions for the gluons will be generated. The initial scale
w3 is determined following the criteria exposed in Rf6],
and at LO turns out to b;a§=0.079 GeV. In Figs. 1a) and
1(b) we also present the evolved OAM distributions up to
Q?=10 GeV (short-dashed line and Q?=1000 Ge
(long-dashed ling

By comparing again the LFCQM with the bag mogleig.

0 e 1(c) itis clear that a non-vanishing OAM persists in the large
X region and this is a distinctive feature of relativistic treat-
ments of the nucleon. Indeed, IARK models, the OAM is
| Ll I 1. entirely concentrated at low. This may constitute a clear
01 02 .05 1 2 5 1 signature of relativity in the low-energy models of the
* nucleon ifL,(x,Q?) is measured.

FIG. 1. Quark orbital angular momentum distributions calcu- In our approach all the gluon OAM is generated through
lated in light-front dynamics with the wave functidh (a), with the ~ evolution. In Fig. 2 we present the resultirigg(x,Qz
modified wave functionl’’ (see text (b), and in the bag modé€t). =10 Ge\?) for ¥, ¥’ and the bag model. There is an
Solid lines correspond to the initial hadronic scalg short-dashed inverse correlation between the amount of high momentum
lines toQ?=10 Ge\?, and long-dashed ones @=1000 Ge\’. components in the wave function and the valuelgf at

smallx. The OAM gluon distribution for the bag model falls
(corresponding to the wave functiok’) is shown in Fig. between those obtained with and¥'.
1(b) to appreciate the effect of the lack of high momentum Concerning the first moments of the distributions, our
components. Furthermore, the comparison with the bagnodel gives a value fokq(ug) = fL,(x,x§)dx that ranges
model resultg13] is also providedFig. 1(c)]. It is clear that from 0.272 to 0.126 ¥ and ¥' model respectively It
the LFCQM, regardless of the details of the spatial waveshould be stressed that the corresponding valuesAfbr
function, provides OAM distributions which are comparable (0.456 and 0.748 respectivelgreper sea clearcut signature
(even bigger by a factor)2o the bag model. From the com- in favor of light-front quark models, when compared to re-

XLq(X,Qz)
i b e
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¢ L ] o [ i ing to the model with¥ (a) and
g PN _"'“: ‘g [ eI V¥’ (b). The dashed curve shows
2k [ —— N 1 OO ] $A3(Q?), the long-dashed one is
g L {1 5 L e L4(Q?%), and the dot-dashed curve
g [ 1 ¢ [ 1 representsly(Q?).
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cent analysis of dataAX =0.45+0.09) [4]. Furthermore, In a nonrelativistic quark model one would expect
these numbers are quite close to the angular momentuin,(Q?) ~ —J4(Q%) ~ —0.25 in the rang®?~1—-10 GeV*
share-out given by the bag model. sinceAY is a constant withQ?. When relativistic spin ef-

The first moments that make up the spin sum rule alsdects are taken into account, as Fig. 3 shows, one expects
evolve withQ? according to[26] L4(Q? to be much smallefL,(Q?)~—0.12 at most or

close to zero.
1 , 1 )
EAE(Q )= EAE(“O)' (16) IV. CONCLUDING REMARKS

In summary we have shown that covariant light-front
Lq(Q2)= (b~ 5081 1)£AE(MS) i b’5°’81Lq(,u§) based ququ models give rise to nont_rivial predictions for the
2 OAM distributions at both low and high momentum scales.
9 This departure from traditional treatments of the angular mo-
— —(b%0Bl_7), (17) ~ mentum structure of the nucleon is more manifest in the
50 highx region of the quark sector. We have seen that the
performance of LFCQM is quite similar to other relativistic
models of the nucleon such as the bag model. This compari-
son holds for a quite flexible choice of the mass operator. We
have studied the predictions for other potentials that interpo-
In Fig. 3 we show the evolution of these quantities with late between the two somehow extreme situations p'resented
Q? for ¥ [Fig. 3a)] and ¥’ [Fig. 3b)]. It is worthwhile here and conclusions are not changed. In fact, there is a clear

mentioning that, even if we do not have gluons at the hadSorrelation between the amount of high-momentum compo-

ronic scale, they quite rapidly develop a sizeable angulanents in the momentum density(k) and the size of the
momentum content. Furthermore the gluon angular momer@PAM distribution. A more realistic interaction would give
tum evolves decoupled from the quark sector and if we startesults closer to those oF than to those obtained witff '

with a Vanishingjg(,ug) then Jg(Q2) is completely deter- because a relativistic treatment of the kinetic energy operator
mined by the QCD anomalous dimensions. The values folnevitably emphasizes the high-momentum tail.

Jg(QZ) in the region between 1 and 10 Gethat we find One should keep in mind, however, that the origin of the
(J4~0.20-0.25) are compatible with those found by using relativistic aspects is not the same in the bag and in the
QCD sum ruleg27] (J,~0.25) and in a recent lattice cal- LFCQM presented here. While in the former the nonv_amsh-
culation[28] (J,=0.20+0.07). They also agree with another I"g OAM comes from the small Dirac components, in the
model calculation based on the one-gluon exchange interadatter these ones are absent and rellat|v_|ty enters th_rough the
tion between quarkg29] (J,~0.24). The consideration of a momentum dependence of the Pauli spinors. Certainly other
nonvanishinng(,ué) would not change much our results MOre sophisticated spin-flavor basis can be constructed, such
since it would also raise the scalg (due to the fact that at 35 the Dirac-Melosh bas[81], where covariance is mani-

fest. Despite the fact that the used basis contains only kine-
that scale the gluons would carry some momentwnd : o .
henceb would be larger for a give2. matic and not dynamicdhigher Fock statgseffects, it rep-

Though the large error bars in the first direct measuremer{tesents a minimal framework that combines in an elegant

i - way simplicity and a proper treatment of boost. Results ob-
of the ratioAg/g [30], Ag/g=0.41*+ 0.18(stat)- 0.03(syst), X . ! : : .
and the values foAg obtained in recent data analy3i], tained with this basis and with the bag model are of similar

Ag(Q2=1GeV?)=1.6+0.9, do not allow to discriminate quality pointing out that it allows an easy implementation of

between models, our results fall within the range of the Iat-rQIat'VIStIC effects in the spin structure of the nucleon.

ter. As a matter of fact the rather moderate valuesJfpr

‘]g(Qz):b_SO/Bl‘]g(M(z))_ 2ES(b—SO/Bl_ 1) (18)

result from a strong cancellation betweerh(QZ) and ACKNOWLEDGMENTS
Ag(Q?) and, in particular we havAg(Q?=1Ge\?)=1.36 We gratefully acknowledge Vicente Vento for useful
and 2.22 for¥ andWV’, respectively. comments and a careful reading of the manuscript.
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