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How Much of the Nucleon Spin is Carried by Glue?

lan Balitsky>* and Xiangdong Ji*
'Department of Physics, Old Dominion University, Norfolk, Virginia 23529
2Jefferson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606
3Department of Physics, University of Maryland, College Park, Maryland 20742
“Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 7 March 1997

We estimate in the QCD sum rule approach the amount of the nucleon spin carried by the
gluon angular momentum: the sum of the gluon spin and orbital angular momenta. The result
indicates that gluons contribute at least one half of the nucleon spin at the scaleGef’.
[S0031-9007(97)03746-0]

PACS numbers: 13.88.+¢, 12.38.Lg, 13.60.Hb, 14.20.Dh

Ever since the publication of the European Muonclear from the appearance of the Poynting vector. (In pure
Collaboration measurement on the fraction of the nucleogauge theory without quarks, this term generates the spin
spin carried by the quark spin [1], there has been auantum numbers for glueballs.) According to the above
tremendous activity in the field of the spin structure ofexpression, we can write down a gauge-invariant spin sum
the nucleon [2]. One of the central questions is how theule for the nucleon,
spin of the nucleon is distributed among its constituents 1 1 ) ) )

[3]. After much debate, many agree now that a substantial 2 7 AX(p7) + Lo(p) + Jg(u), 2
fraction of the nu'clepn spin comes from sources Othe\r/vhere u? is a scale at which the operators are renor-
than the quark spin, i.e., quark orbital and gluon angular__: : .
malized, or more physically the nucleon wave function
momenta. Recently, several proposals have been made.in

. : : iS probed. The first term is what has been measured in
the literature to measure the amount of the spin carried IO%olarized deep-inelastic scattering [1,9]. The second and
the gluon helicityAG [4]. e

In this Letter, we present a QCD sum rule calculationth'rd terms represent quark orbital and gluon contribu-

[5] of the amount of the nucleon spin carried by gluons Ortions, respectively. We also introduce the notion of the to-
. P 1ed by giuons, ol quark contribution/, = A%/2 + L,, the sum of spin
equivalently by quarks, because, by definition, their Sum. 4 orbital. By definition. both/ (12) and J,(u2)
is 1/2. Our calculation is motivated by the possibility - By ’ q\H g\

. . . re gauge invariant if gauge-invariant regularization and
of measuring these quantities through deeply V'rtuarraenormalization schemes are used. In the lightlike gauge

Compton scattering proposed_ by one of us [6]. The,, _ 0, J, (1) can be written as a sum of the gluon he-
method we use has been applied successfully to calculate. " . . )

L i ) iCity AG(u”), measurable in polarized high-energy scat-
a similar quantity—fractions of the nucleon momentum

carried by quarks and gluons [7,8]. Our result shows that[ering [4], the gluon orbita_ll angulgr momentum, as well as
o a term from quark-gluon interactions [6,10].

the gluon angular momentum, the sum of gluon helicity Before formulating the sum rule calculation, it is

. X .
and orbital angular momentum, contributes at least 50 /lonstructive to review a derivation of Eq. (1). The angular

of the nucleon spin, suggesting that the nucleon contain omentum operators of QCD are identified with the
nontrivial gluon configurations carrying nonzero angmargenerators of the Lorentz group®”, which in turn

momentum. . T
The angular momentum operator in QCD can be writterﬂ{fogggmed from the angular momentum density

in an explicitly gauge-invariant form [6],

- 1. . - JHY = f % M (%) (3)

Jocp = ] d3x[3 Fyysy + G X (=iD)y

The angular momentum density can be expressed in terms
+ ¥ X (1} X fg)] (1) of the symmetric, conserved energy-momentum tensor
TePR,
where f!avor and color indices are _implicit._ The first term MAYE — TRa v _ pav a (4)
can be interpreted as the quark spin contribution, although _
its matrix element is actually the singlet-axial charge.The energy-momentum tensor of QCD can be written as a
The second term, where the covariant derivativ®is= ~ SUM of the quark and gluon parts,
d + igA, is the canonical orbital angular momentum of B B ap_ 1 5 (@B
. R = + =
quarks. The word “canonical” stems from thanonical T T, T, 4 gy iD Y
momentum for quarks in a background gauge field. The
. . — o®BE2 _ B

last term is the total angular momentum of gluons, as is + < 4 §F - FUUF M>’ ()
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where (o 8) means symmetrization of the indices. It is the Green’s function
then simple to see that the quark and gluon parts of the

angular momentum operators in Eq. (1) are derived from WHe = ] d*x d*z 77"

Egs. (3) and (4) by substituting in the quark and gluon

parts of the energy-momentum tensor, respectively. X (0| (x)H(0)0 *(2)|0Ye'”™™
According to the above, we can formulate the sum

rule calculation ofJ,(u?), or equivalentlyJ,(x?), in —(vea)+ ..., (13)

terms of the energy-momentum tensﬁﬁf. Consider
the following three-point correlation function in the QCD
vacuum:

where 0*(z) = JgF*Pypsi(z). If one goes through a
similar procedure for a correlator with the quark part of
the energy-momentum tensor, one finds that it can be
ey 4 _ v ipex reduced to the same term with a negative sign plus a
W (p)_j d"x d"Z0IT[n(x) 7 O)M"*(2)]10)e”™, two-point nucleon correlation function with a double-pole
©6) residue 1/2. o _
The Green’s function in the deep Euclidean space can
where M} is defined as in Eq. (4) wit"*# replaced be calculated in OPE because of asymptotic freedom. The

by its gluonic part, andy(x) is the interpolating field for first term in such an expansion is the usual perturbative

the nucleon, which we choose to be [11] contribution, which is infrared finite due to the finite
o A external momentump?. There are two perturbative
n(x) = €* W Cy*ul)ysyqdr. (7)  diagrams as shown in Fig. 1. We find the contribution

uva . o _ from the first diagram as
We ~ contains a nucleon double-pole contribution, with

its residue proportional td, (u2), ﬂ[ 1 |n2<—P2> _ 1 In( —Pzﬂpz (14)
)R Al "\ ) T 36 N\ w2 )7
va __ N . 14 o .
WEre = 7(; -y Qip#*y"py*) +.... (8) where and henceforth we omit the structure factor

2ip*yYpy*. A calculation for the second diagram
where ellipses include nucleon double poles of differen(“sailboat”) is rather tedious. Since in the final result the
Dirac structures, nucleon single poles, and other dispel(typical) contribution from the first diagram is small (less
sive contributions. Ay is the nucleon decay constant cor- than 10%), we discard this sailboat contribution in the

responding to the interpolating current, following study.
The next term in OPE comes from dimension-four
©Oln)IN(p)) = AnU(p). (9 vacuum condensates. Diagrams from Figs. 2(a) and 2(b)

In the following, we first calculatevs”® in the deep- ¢ found to contribute

Euclidean region—p? > Agcp using operator product 1 a o\ —p? A w?
expansion (OPE), from which we attempt to extract the  14472p2 \ 7 n u? 6 n -q2) )
double-pole residug, (u?).

To ensureJ,(u?) + Jo(u?) = 1/2 in the sum rule (15)
calculation, we use an implicit form of Ward identity, where ¢* is an infrared regulator which represents the

momentum flow through the operat6r*. The infrared

TP = 9,(TPPx%) — x%9,T"P, (10)  logarithm arises from large separations of painfrom

0 and x. To take into account the contribution in this
region properly, one must first expand the product of the

interpolating current,
[ e poaing

TT](X)”?](O) = ch(x)on (16)

so we rewrite the three-point correlation function as

ura
W

X {0ITn(x)7(0)z(z%0,Ty"
~ 270, TP%) 0)eP™.

(11)

From Eg. (5), we find
0,0 = —JgF"  yath + ..., (12) (a) (b)

Wherg ellipses de_note terms vanishing after using gluon's|G. 1. Perturbative diagrams. Dashed line denotes gluon.
equations of motion. Thus, we arrive at a new form of(Permutations are not shown.)
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s ./'\' we assume a spectral function,
A p(s) = mfrmfd(s — my)
@ ‘ —
(@) (b) ©

as 3 as 2
+ — + —=
O(s S0)<60772 s B F s), (22)
wheremy is the mass scale for the exotic* resonance,

suspected to lie between 1.3 to 1.9 GeV [13,14]. In

R . our estimate, we takeiz to be 1.5 GeV. The standard
(where O, are a set of local operators), resulting in S0-q;m rule method allows us to extratk = 1.8 X 1073,

called bilocal power corrections [12] [see Fig. 2(c)]. Theich in turn yieldsI1o(0, m%) = 5.0 X 10~*m%. The

relevant local operator in this case is a dimension-five ON&yncertainty of this numbér is at least a factor of 2 due to
AApp' - : Ty A unknownmyg and the continuum thresholg, which we
05" =2ag "7y u =2 @D " y*u) take to bel.g2 Ge\~. 4

FIG. 2. Dimension-four power corrections: local (a),(b) and
bilocal (c). Shaded circles mark vacuum fields.

R PO The next term in the OPE fa¥s"“ involves dimension-
+aPDoP’ u+ucP? D Pu six vacuum condensates, for which we use the factorization
3 assumption. A calculation of the diagrams in Figs. 3(a)—

_ / 3 - !
+ = agF?” y*u+ —dgF** y*d, (17) 3(c) (and similar ones which are not drawn) gives a
4 4 o pra
] o _contribution toWg
where [pp’] denotes antisymmetrization of the two in-

dices. The operator yields a contributionv'”, as<ﬁ”>42 [20In< _1;2> N 62In< Mzzﬂ’ (23)
Lo, w2 18 S o !
- 1272 p2 0 (0,17, (18) where we have kept only logarithmic terms. A small

Lo oy ) contribution of the first term to the final result justifies the
whereIly" (¢, p°) is the nonperturAbAaUye part of & two- gnproximation. The infrared logarithm in the second term
point correlation function betwee®s”” and O, and  signals that the contribution must be replaced by
w? is an ultraviolet regulator to be defined below. Afuu)

To calculatell;," (0, x2), we again use the sum rule ap- 350 I,(0, u?), (24)
proach. We first work out an operator-product expansion p
for TTy(¢?) in the deep Euclidean region, where IT, (g% u?) is a bilocal correlator [see Fig. 3(d)]
) ) . . o . L
, 1 , involving ® ® and the dimension-seven operator,
Mo(q?, p?) = — q4|n<'u—2> +— <a—F2>|n<M—2> ol . y .
607 -4 12\ 7 -4 0;"" = ek (DA ) CyP ! yP Ci'T + H.c.
8may o 1 3,43
+ 92 (iiu) 1927752 (g°G”) + .... (25)

(19)  The OPE forll (¢ 1?) at large Euclideag? is

On the other hand, we write a dispersion integral for ) 31 @ ,_ w?
To(q2, w2) valid for all g2 [14], i(q") = o5 — {aw) '”<—_ q2>
n 1 w ds P(S) — Pper (S) m2 uu
o' (g% 12 = —f =T (20) — °<2 ) 4 (26)
mJo s s —q 3q

where the upper limit defines the ultraviolet cutoff and wherem? = —(agF - ou)/{au). The higher-order terms

a5 in ellipses involve condensates of dimension seven and

Ppen(s) = 602" (21) higher for which we know very little. To get an estimate,
T2 (4?) defined in this way vanishes in perturbation " oo e vector-meson domllnance [15)
theory and its first power correction contributes in the (%) = /R @27)
same way as the last term in Eq. (15). To fidg(0, u?), 14 my — g
PN
(a) (b) (© (d)

FIG. 3. Typical local (a), (b), (c) and bilocal (d) power corrections of dimension six.
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Expand the above ig?> and matching itd/¢> term with  the factorization approximation, the contributions from

the OPE in Eq. (26), we find ) dimension-eight condensates (both local and bilocal) are
I1,(0) = moliu) (28) exactly zero.
1 3mi Based on the OPE we have developed 1",

: 2
We ignore dimension-eight or higher contributions. InWe attempt an estimate for thg(my). The sum rule
| equation reads like this,

J A2 o I 1 NE 1 a N 1.1 x 1073
i o e = e - s (S e e+ - S
20a; (au)? Amg (i)
< <W4> In(—p?) + 2ol (29)
81 p 9mRP4

Substituting in the standard values for the con- This work is supported in part by funds provided
densates at the normalization poing =1 GeV by the U.S. Department of Energy (D.O.E.) under
(cf. Ref. [16], for example){(a,/7)F?) = 0.012 Ge\V#,  Contracts No. DOE-FG02-93ER-40762, No. DF-FCO02-
(uu)y = —0.017 GeV?, mi = 0.65, a,(1 GeV) = 0.37, 94-ER40818, and No. DE-AC05-84ER40150.

327423 = 2.5 Ge\p, 5o = 2.25 Ge\2, we find that the

dimension-six bilocal term is the dominant contribu-

tion. If we keep just this term, multiply both sides by

m% — p?, and make a Borel transformation, we find

8em(2)<im>2 [1] J. Ashmaret al., Nucl. Phys.B328 1 (1989).
J,(1 GeV?) = —=—=— = 0.25. (30) [2] For a review, see H.Y. Cheng, Int. J. Mod. Phys.1a
Imp AN 5109 (1996); also, R. L. Jaffe, Report No. MIT-CTP-2518,
A more careful analysis including other contributions 1996, hep-ph/9603422.
yields [3] R.L. Jaffe and A. Manohar, Nucl. PhyB337, 509 (1990).
J,(1 Ge\?) = 035 + 0.13. (31) [4] V. Hugheset al., in Proceedings of the 12th International

) Symposium on High-Energy Spin Physics, Amsterdam,
where the error reflects the uncertainty of the mass scale  Holland, 1996(World Scientific, Singapore, 1997).

in the 1-* channel as well as the uncertainty from the [5] M.A. Shifman, A.l. Vainshtein, and V. |. Zakharov, Nucl.
sum rule analysis. However, we have no way to know the  Phys.B147, 385 (1979);B147, 448 (1979).
accuracy of the vector-meson approximation in estimating[6] X. Ji, Phys. Rev. Lett78 610 (1997); Phys. Rev. B3,

the dimension-six bilocal contribution. 7114 (1997).
The number we findJ,(1 GeV?) ~ 0.35 = 0.13 or [7] A.V. Kolesnichenko, Sov. J. Nucl. Phy39, 968 (1984).
Jq(l Ge\?) ~ 0.15 + 0.13, if taken seriously, has an in- [8] V.M. Belyaev and B.|. Blok, Z. Phys. G0, 279 (1986).

S . [9] G. Altarelli, R. Ball, S. Forte, and G. Ridolfi, Report No.
}ereSt'nghlmpl;Catlon on thel Spin Strgcture of the cr;ucleqn. hep-ph/9710289; R. D. Ball, S. Forte, and G. Ridolfi, Nucl.
t says that gluons are at least as important in determin- Phys.B444, 287 (1995).

ing the nucleon spin as quarks, if not more. Furthery1g) x i 3. Tang, and P. Hoodbhoy, Phys. Rev. L€, 740
more, from a recent global analysis of data on polarize (1996).

deep-inelastic scattering [9], one finds the gluon helicity[11] B. Ioffe, Z. Phys. C18, 67 (1983).

AG(1 Ge\?) defined in the infinite momentum frame and [12] I.1. Balitsky, Phys. Lett114B, 53 (1983).

lightlike gauge has a size of 1 to 2 units of angular mo-{13] I.1. Balitsky, D.I. Dyakonov, and A.V. Yung, Z. Phys. C
mentum. If correct [17], the gluon orbital contribution 33, 265 (1986); N. Isgur, R. Kokoski, and J. Paton, Phys.
defined in a similar framework must be large and nega- _ Rev. Lett.54, 869 (1985).

tive and cancels a substantial part®6. Such a large [14] 3'-&‘21”?'%;521\/-1 sg'asgné‘g;e”ko' and A.V. Yung, Sov.
cancellation may be caused by the gauge-dependent sep-_ . s .

aration of J, into helicity and orbital contributions. On 6[95] I('llés;gfl“mky and A.V. Yung, Phys. Lett129B 328
the other hand, one half of the singlet-axial charge, or thﬁ6] -

K Spi ibution. is found to 0500 hi . 1. Balitsky, V. M. Braun, and A. V. Kolesnichenko, Phys.
guark spin contribution, is found to 805"y ¢s [9]. This Lett. B 242, 245 (1990).

|ea\_/eS about 20% of the nucleon spin carried by qua_rlfﬂ] Theoretical status on this is controversial. See R. L. Jaffe,
orbital angular momentum. Here no large cancellation is  Phys. Lett. B365 359 (1996); L. Mankiewicz, G. Piller,

present between the quark spin and orbital contributions. and A. Saalfeld, Report No. hep-ph/9611326, 1996.
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