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Perturbative QCD Analysis of the Nucleon’s Pauli Form Factor F,(Q?)
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We perform a perturbative QCD analysis of the nucleon’s Pauli form factor F,(Q?) in the asymptoti-
cally large Q? limit. We find that the leading contribution to F,(Q%) has a 1/Q° power behavior,
consistent with the well-known result in the literature. Its coefficient depends on the leading- and
subleading-twist light-cone wave functions of the nucleon, the latter describing the quarks with one unit
of orbital angular momentum. We also derive at the logarithmic accuracy the asymptotic scaling
F>(0%)/F,(Q% ~ (1og>Q%/A?)/Q? which describes recent Jefferson Lab data well.
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The electromagnetic form factors are fundamental ob-
servables of the nucleon containing important informa-
tion about its internal nonperturbative structure. Since the
first measurement in the mid 1950s, experimental studies
of these observables have become an active frontier in
nuclear and particle physics. More recently, with the
development of novel experimental techniques, the mag-
netic form factor of the proton and electric and magnetic
form factors of the neutron have been measured with
unprecedented precision at Jefferson Lab and other facili-
ties around the world [1]. In particular, the Pauli form
factor of the proton F, extracted from the recoil polar-
izations at Jefferson Lab reveals a significant difference
from previous data and theoretical expectations [2,3]. The
data show that the ratio of Dirac to Pauli form factor
Q*F,(Q?)/F,(Q?) continues climbing at the largest Q°’s

measured and seems to scale as \/@ The result has
sparked myriad speculations on its implication about
the underlying microscopic structure of the proton [4—8].

A simple dimensional counting rule was devised in
Refs. [9,10] to determine the dominant power contribu-
tion to hadronic form factors at large momentum transfer.
For the hadron helicity-conserving form factor F,(Q?), it
predicts a dominant scaling behavior 1/Q* The power
counting can be justified by QCD factorization theorems
which separate short-distance quark-gluon interactions
from soft hadron wave functions [11-18]; see Fig. 1.
Recently, a more sophisticated formalism has been de-
veloped to include higher-order perturbative QCD
(PQCD) resummation, or Sudakov form factor, which
treats contributions from the small-x partons more appro-
priately [18—22]. The procedure extends the applicability
of leading-order PQCD predictions to moderate Q?, but
does not change the dominant power-law behavior sig-
nificantly [17,22,23].

The literature on PQCD studies of F,(Q?), however,
is much meager. Since F,(Q?) is related to the hadron
helicity-flip amplitude, its power behavior is suppressed
compared to F;(Q?) ~ 1/0Q* and a natural expectation is
then 1/Q°. This is confirmed by calculations where the
quark masses are the mechanism for the helicity flip
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[9,24]. Since the up and down current quark masses are
negligible, the dominant mechanism for the spin flip in
QCD comes from the quark orbital angular momentum
and the polarization of an extra gluon which must be
included to maintain gauge invariance [25]. A general-
ized power counting including the parton orbital angular
momentum validates the expected scaling law for F,(Q?)
[26]. An actual PQCD calculation for F,(Q?) requires the
extension of the usual formalism to include the quark
orbital angular momentum; a technology has not yet been
systematically developed in the literature. The recent
development in classification of the light-cone wave func-
tions [27,28] provides the necessary ingredient to per-
form these calculations.

In this paper we report on a first PQCD calculation of
F,(Q?) at asymptotically large momentum transfer Q.
Modulo logarithms, we confirm that the leading contri-
bution to F,(Q?) goes like 1/0QS. The coefficient of the
leading-power term depends on leading-order (twist-
three) and next-to-leading order (twist-four) light-cone
wave functions. The latter is the probability amplitude
for one of the quarks to carry one unit of orbital angular
momentum. We compute the leading-order perturbative
kernel and estimate the coefficient using models for the
light-cone wave functions. We comment on the role of the
Sudakov form factor in regulating possible end-point
singularities in the phase space integrals. We also derive
with the logarithmic accuracy the asymptotic scaling
F>(Q%)/F,(Q?) ~ (log?Q?*/A?)/ Q% which we find to de-
scribe the data unexpectedly well.
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FIG. 1. A leading QCD diagram contributing to the nucleon’s
form factors.
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To start with, we choose a coordinate system for the
process P + y* — P’ such that P and P’ form conjugate
light-cone vectors. We let the light-cone components P*
and P~ be large in the asymptotic limit, Q> = 2P* P/~
The F,(Q?) form factor can be extracted from the
helicity-flip matrix element

iok qa

(PJ#|P) = F(0?)y(P") uy(P), (1)
where J# is the quark electromagnetlc current and u(P) is
an on-shell spinor of the nucleon with momentum P.

A perturbative analysis of the above matrix element is
done by computing leading-order Feynman diagrams
with two gluon exchanges (for a typical graph see Fig. 1)
in which the initial (final) nucleon contains three quarks
with longitudinal momenta x;P (y;P") and transverse mo-
menta k; (k}) of order Agcp. Two hard-gluon exchanges
ensure that the three quarks in the final-state propagate
collinearly after the injection of a large momentum trans-
fer g*. Since up and down quarks are light, quark helicity
is approximately conserved during the hard scattering.
Therefore, to produce a nucleon-spin flip, the quark orbi-
tal angular momentum in the initial and final states must
differ by one unit. The leading contribution to F,(Q?)
comes from the configurations in which the quarks in the
initial or the final state carry a zero unit, and those in the
other state carry one unit, of orbital angular momentum.
For definiteness, let us assume that the final-state quarks
are symmetric in azimuth.

To isolate the leading contribution, we expand the hard
part of the diagram in k?/Q? in the limit of large Q% and
x; # 0 (a procedure dubbed the collinear expansion). We
will comment on the x; — 0 case later. Since the final-
state nucleon has no orbital angular momentum, we
throw away all the subleading terms in k. On the other
hand, the quarks in the initial state nucleon have one unit
of orbital angular momentum, and hence the hard part
must have linear terms in the quark transverse momenta.
Therefore, the leading hard part we are interested in has a
structure k ;T(x;, X, X3, Y1, Y2, ¥3; Q%).

Let us consider the simplification of the nucleon wave
functions after the collinear expansion. For definiteness,
we consider the proton form factor. The light-cone wave
function for the final state is

[ax][d’k]

|Pp1jn = E N (K1, ko, K3)e U T(Kl)
X {Mbl(Kz)d (k3) — dhl(Kz)McT(KﬂHO),
2

where the argument k; is a shorthand notation for (x;, k;),
and the integration measures for the quark momenta are

[dx] = dxld.X2dX35(Xl + x, + X3 — 1),
[d*k] = d%k,d*k,d’ky8P (k; + k, + ks).
If the hard part has no dependence on k!, we can ignore
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the transverse momentum dependence in the quark crea-
tion operators and define the twist-three amplitude

D3 (x1, 3, 13) = 2 f [k (1, K 1),

Then the final nucleon state can be simplified to

1 [dx]
NG
X {ud (x)dy(x3) = df (xp)ul (x3)}10). (3)

Since the quarks in the initial nucleon state must have a

total helicity 1/2, only the following wave function com-
ponent is relevant [27,28]:

[dx][d?k]
NATEZES
X (Ky, Ky, Ks)sabcu;rT(Kz)

X {uzl(Kl)djT(’Q) - dZL(Kl)MIT(’Q)}lO),
4)

[Py = D3 (xy, x5, X3)8”bCMZT(X1)

|P)y)n = E {kiis + kg )

where we use the notation k; = k* — ik”.

The spin-isospin structure of this wave function is
exactly the same as that in Eq. (3). After the collinear
expansion, the above wave function will be convoluted
with a transverse momenta of quarks. We define the twist-
four amplitudes via

d*k

Dy (xp, x1, X3) = 2][M ]k3 {ky s + kahu} (K, K2, K3),
[d°k]

W, (xy, xo, X3) = 2[ Mz, ky -k + by (), Ko, K3).

Apart from a gluon-potential dependent term, the above
light-cone amplitudes are the same as those defined in
Ref. [29]. In the following, we include the former so that
the result is gauge invariant. To the order that we are
working, the gluon-potential terms arise from perturba-
tive diagrams with explicit gluons attached to the nucleon
blobs. These contributions are generally considered as
dynamically suppressed [30].

We introduce effective nucleon wave functions for the
initial state after integrating over the transverse momenta
weighted with a momentum factor from the hard part,

M [dx]

[Py ol ] = \/)clx—xlq,4(x2’x]’ xa)eab"uZT(xl)
X {ubl(xZ)dIT(x3) - dzl(xz)”jf(x3)}|0>,
%)

M d

1Py k] = \/)Elj—]xﬂ)zx(xpxz, s)ebet (x)
X {Mbl(xz)d (x3) — L(xz)u:rT(x3)}|O>,
(6)
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where the argument on the left-hand side indicates the
momentum being averaged.

Using the twist-three and -four amplitudes, we can
write the F,(Q?) form factor in the following factor-
ized form:

F2(0) = 55 [[axlldyKoes e, x0Tl b

+ x,Wy(xp, x1, x3) Ty ({x}, {y})}
X D3(yy, y2, ¥3), @)

where {x} = (x,, x,, x3). Let us see how to extract the hard
part, T, in Fig. 1.

We use the nomenclature and strategy of Ref. [11] by
calling the top quark line 1, the middle 2, etc., without
committing them to a specific flavor. Given the spin-
isospin structure of the initial and final-state nucleon
wave functions, we assume that the first and third quarks
have spin up and the second one spin down. Call the
amplitudes 7; when the electromagnetic current acts on
particle i. Clearly because of symmetry, 753 can be ob-
tained from 7, by a suitable exchange of variables (see
below). Using the SU(6) wave function and the quark
charge weighting, we find the flavor structure of the
hard part for the proton,

2 €u+€d

eu
PO =5 + =5 ([ + Ty
e, e
5 (T + T + ?dTé, (8)

where we have omitted the argument of 7; on the right-
hand side, and 7/ has y; and y; interchanged. For the
neutron, u < d.

To find the expression for the hard part, we must
calculate perturbative diagrams displayed in Fig. 2. A
straightforward evaluation yields

32M2(C2

Tyw({xh {y}h) = TB(4WCY.Y)2X3(G11 -Gpn), O
32M2C3

Tio({x} ) = ———L@ma)[—x,G, — %G,

Q()

-

y
ot

I,

——

Innnnnnn

) o

FIG. 2. Perturbative diagrams contributing to the hard part
of F,. Mirror symmetric graphs have been added.
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32M2C%
— B (4may)?

0
X [x3(Gyy — Gy — Gpy) — %3Gy,

and TZ‘I’ = Tzq,(] « 3), T3q/ = T]cp(] Ad 3), and T3cp =
Tiy(1 < 3), where x =1 — x. Cy = 2/3 is a color factor
and the contribution from the twist-four wave functions
of the final-state nucleon has also been included. The
functions G;; are defined as

Tow({x} {y}) =

1
Gh=—>5——>5—
X1X2X3Y2Y3Y3
_ 1 1 1
Gu= 555 2222 | 22 25 D
X3X1Y3Y1  XoX3X7Y2Y]  X1X3Y1)3
- (10)
X)X3X1Y2Y3Y3
1
Gy =5——>5——,
X1X3X3Y1Y3)1
1 1
G22 = — — —
X1 X353, X3y 1yaY

and Gy; = Gy (1 < 3), Gy = Gx(1 < 3).

To determine the normalization for F,(Q?), we need to
know the light-cone distribution amplitudes ®5, ®,, and
V,, which can only be obtained by solving QCD non-
perturbatively. However, the scale evolution of these am-
plitudes selects at the asymptotically large O the leading
component with a fixed small-x; behavior. For example,
the asymptotic form of @5 is x;x,x3 [11], whereas that of
@, is x;x,. In Ref. [29] a set of phenomenological ampli-
tudes satisfying these asymptotic constraints has been
proposed on a basis of conformal expansion.

With the above wave functions, the integrals over mo-
mentum fractions x; and y; have logarithmic singulari-
ties, indicating that the factorization breaks down when
one of the quarks in the wave function becomes soft
[19,20]. It has been suggested that the higher-order
PQCD resummation, or the Sudakov form factor, sup-
presses the contribution at small x and provides an effec-
tive cutoff for the integrals at x ~ A?/Q?, where A is a
soft scale related to the size of the nucleon [21-23,31,32].
The outcome is that the x; integrations contribute an extra
Q?*-dependent factor log?Q?/A?, compared to F,(Q?).
Physically, the end-point divergencies indicate that
quarks with different rapidity contribute equally to the
hard scattering. Since the contribution from quarks with
very large rapidity (small x) is suppressed by the Sudakov
form factor, this Q% dependence reflects simply the kine-
matic broadening of the quark (and gluon) rapidity range
with increasing nucleon momentum.

For an estimate, we use asymptotic wave functions [29]:

(I)3 == 120X1X2X3fN, (1)4 = 12x|x2(fN + A]),
(11)
Wy = 12xx3(fy — A1),
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FIG. 3 (color online). JLab data plotted in terms of the

leading PQCD scaling. The lower, middle, and upper data
points correspond to A = 200, 200, and 400, respectively.

with  fy=53X10"2GeV? and A} =-27X
1072 GeV2. With a choice of A = 0.3 GeV, Q%F}(Q?) is
roughly 0.6 GeV® for Q? = (5-20) GeV?, about 1/3 of
the Jefferson Lab data at Q> = 5 GeV? [3]. Of course, to
get a more realistic PQCD prediction in this regime, one
must have the quark distribution amplitudes appropriate
at this scale. However, from the comparison between the
data and PQCD predictions for F,(Q?) [8], we believe that
asymptotic PQCD is unlikely to be the dominant contri-
bution to F,(Q?) at Q> = 3-5 GeV?: one must take into
account higher-order corrections and higher-twist effects.

Coming back to the scaling behavior of the ratio
F,(Q?)/F,(Q?) for which the Jefferson Lab data have
stimulated much discussion in the literature, PQCD
predicts the power-law scaling 1/Q”. With the new
result for F,(Q?), we can determine its scaling up to
logarithmic accuracy. The strong coupling constant
in the ratio simply cancels. The wave function evolution
yields a factor of a3OP)(02) for F,(0?) and ¥/ P (0?)
for F,(Q?) from the leading nonvanishing contribution,
where B =11 —2n,/3. Thus PQCD predicts that
(Q%/1og?*8/OB) 02 | A2)[F,(Q?)/F,(Q?)] scales as a const-
stant at large 02, 8/(98) < 1. Surprisingly, the Jefferson
Lab data plotted this way [ignoring the small 8/(98)]
exhibits little Q2 variation for a range of choices of A as
shown in Fig. 3. Since we do not expect the asymptotic
predictions for F ,(Q?) to work at these Q?, the observed
consistency might be a sign of precocious scaling as a
consequence of delicate cancellations in the ratio. A
more detailed discussion on this issue along with more
thorough phenomenological analyses will be given in a
separate publication.

We thank V. M. Braun, H. Gao, G. P. Korchemsky, H.-N.
Li, and A.V. Radyushkin for useful discussions. This

092003-4

work was supported by the U.S. Department of Energy
via Grant No. DE-FG02-93ER-40762.

[1] H. Gao, Int. J. Mod. Phys. E 12, 1 (2003).

[2] M. K. Jones et al., Phys. Rev. Lett. 84, 1398 (2000).

[3] O. Gayou et al., Phys. Rev. Lett. 88, 092301 (2002).

[4] V.M. Braun, A. Lenz, N. Mahnke, and E. Stein, Phys.
Rev. D 65, 074011 (2002).

[5S] G. A. Miller, Phys. Rev. C 66, 032201 (2002); G. A. Miller
and M. R. Frank, Phys. Rev. C 65, 065205 (2002).

[6] J.P. Ralston and P. Jain, hep-ph/0302043.

[7] B.-Q. Ma, D. Qing, and I. Schmidt, Phys. Rev. C 65,
035205 (2002).

[8] S.J. Brodsky, hep-ph/0208158.

[9] S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett. 31, 1153
(1973); Phys. Rev. D 11, 1309 (1975).

[10] V. A. Matveev, R. M. Muradian, and A.N. Tavkhelidze,
Nuovo Cimento Lett. 7, 719 (1973).

[11] G.P. Lepage and S.J. Brodsky, Phys. Rev. Lett. 43, 545
(1979); 43, 1625(E) (1979); Phys. Rev. D 22, 2157 (1980).

[12] A. Efremov and A. Radyushkin, Phys. Lett. 94B, 245
(1980).

[13] V.L. Chernyak and A.R. Zhitnitsky, JETP Lett. 25, 510
(1977); Phys. Rep. 112, 173 (1984).

[14] L G. Aznaurian, S.V. Esaibegian, K. Z. Atsagortsian, and
N.L. Ter-Isaakian, Phys. Lett. 90B, 151 (1980); 92B,
371(E) (1980).

[15] V. A. Avdeenko, S. E. Korenblit, and V. L. Chernyak, Sov.
J. Nucl. Phys. 33, 252 (1981).

[16] C.E. Carlson and E Gross, Phys. Rev. D 36, 2060 (1987).

[17] N.G. Stefanis, Eur. Phys. J. C 1, 7 (1999).

[18] A. Duncan and A.H. Mueller, Phys. Lett. 90B, 159
(1979); A. H. Mueller, Phys. Rep. 73, 689 (1981).

[19] A.V. Radyushkin, Acta Phys. Pol. B 15, 403 (1984).

[20] N. Isgur and C.H. Llewellyn-Smith, Nucl. Phys. B317,
526 (1989).

[21] H.-N. Li and G. Sterman, Nucl. Phys. B381, 129 (1992).

[22] H.-N. Li, Phys. Rev. D 48, 4243 (1993).

[23] J. Bolz, R. Jakob, P. Kroll, M. Bergmann, and N.G.
Stefanis, Z. Phys. C 66, 267 (1995).

[24] C.R. Ji and A.E Sill, Phys. Rev. D 34, 3350 (1986).

[25] S.J. Brodsky and S.D. Drell, Phys. Rev. D 22, 2236
(1980).

[26] X.Ji, J.-P. Ma, and E Yuan, Phys. Rev. Lett. 90, 241601
(2003).

[27] M. Burkardt, X. Ji, and E Yuan, Phys. Lett. B 545, 345
(2002).

[28] X.Ji, J.-P. Ma, and E Yuan, Nucl. Phys. B652, 383 (2003).

[29] V.M. Braun, R.J. Fries, N. Mahnke, and E. Stein, Nucl.
Phys. B589, 381 (2000).

[30] H.D. Politzer, Nucl. Phys. B172, 349 (1980).

[31] 1. Musatov and A. Radyushkin, Phys. Rev. D 56, 2713
(1997).

[32] S. Descotes-Genon and C.T. Sachrajda, Nucl. Phys. B625,
239 (2002).

092003-4



