PHYSICAL REVIEW C 86, 015208 (2012)

Nucleon form factors and spin content in a quark-diquark model with a pion cloud
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We propose a model of the nucleon in which quark-diquark configurations immersed in a pion cloud are treated
in a manner consistent with Poincaré invariance. With suitably chosen parameters, the computations employing
this model reproduce the measured electromagnetic form factors and the quark-spin contribution to the total

nucleon angular momentum.
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I. INTRODUCTION

The nucleon is the lightest baryon and its mass dominates
the nucleus, which is the heart of the atom. Quantum
chromodynamics tells us that the nucleon is a complex system
composed of three valence quarks and an undefined number
of quark-antiquark pairs and gluons. Deep inelastic scattering
measurements have demonstrated that the sum of the spins of
the quarks do not add up to the total angular momentum of the
nucleon [1]. This puzzle has been the subject of a tremendous
amount of experimental and theoretical investigation. Another
probe of the structure of the nucleon is elastic electron-
nucleon scattering. Measurements made at Jefferson Lab have
shown that the proton form factor ratio, G E,,(QZ) /G M,,(QZ),
decreases as the value of Q2 is increased above about 1 GeV?.
This important discovery renewed interest in the structure of
the nucleon.

The present paper is devoted to answering a simple ques-
tion: can a model of the nucleon which consists of three valence
quarks and a pion cloud, constrained by Poincaré invariance,
describe the existing data for elastic electromagnetic form
factors, while properly accounting for the small fraction of
the proton total angular momentum carried by the quarks.
Recent work indicates that the successful construction of such
amodel should be possible [2], provided the model quark wave
functions have suitable properties.

The challenge of understanding nucleon elastic form factors
has been taken up by many; for example, see the reviews
[3] and Ref. [4]. Here, we follow only one particular line
of reasoning. The light-front model of Ref. [5], with three
constituent quarks, was used to predict the fall of the ratio
GEp(0?)/ G up(Q?). The effects of the pion cloud were later
included [6,7], and this led to areasonably accurate description
of all four electromagnetic form factors. However, the quarks
in the bare nucleon carry about 75% of the total angular
momentum of the nucleon, which is too large to reproduce the
measured value of approximately 30%. Furthermore, the com-
puted ratio G g,(0?)/ G y,(Q?) falls alittle too rapidly with in-
creasing values of Q2, and the results were not completely con-
sistent with the detailed flavor decomposition of the empirical
form factors [8]. This earlier work on the proton form factors
was carried out with a very simple three-quark wave function.
In the present work we use a more sophisticated wave function,
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consisting of a quark-scalar-diquark term and a quark-axial-
vector-diquark term, with two invariant forms for each term.

The plan of the paper is as follows: Sec. II is devoted to
a complete description of the model, including the light-front
wave function (LFWF) and the addition of the pion cloud,
along with the formalism necessary to compute observable
quantities. The parameters of the model are discussed in
Sec. III, where they are varied to describe the existing data
for nucleon electromagnetic form factors. The choice of
parameters completes the definition of the model. The model
is tested in Sec. IV by computing the quark contribution to
the nucleon spin, and Sec. V is reserved for a summary and
discussion.

II. COVARIANT LIGHT-FRONT MODEL FOR NUCLEON

The basic model is that the valence quarks, represented by
quark-diquark combinations with the quantum numbers of the
nucleon, are immersed in a cloud of pions. The motivation
for this idea is obvious. We know that the nucleon is made
of quarks and that there is a long-range interaction between
nucleons mediated by the exchange of a single pion. However,
a pion emitted by a nucleon can be absorbed by the same
nucleon, so each nucleon has a pion cloud. The low mass of
the pion is the reason for singling it out as the only meson to be
treated separately as a cloud [9]. As we shall see, including the
pion cloud leads to a significant reduction in the fraction of the
nucleons total angular momentum carried by the quark spin,
and this is consistent with previous findings [2,10]. We use the
light-front representation of the nucleon wave function [11] to
guarantee that the observable quantities have the appropriate
properties under Lorentz transformations. The remainder of
this section details how this is done.

In general, the light-front wave function (LFWF) of a

hadron with spin projection J, = :l:% is represented by the

.....

2 2
ki +m;

= ,ku>, (1)

specifies the four-momentum of each constituent and A;
specifies its light-front helicity in the z direction. The

ki = (k' k7 ki) = <Xip+,

i
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light-front momentum fractions x; = k;"/p™ are all positive
and satisfy ), x; = 1. The scalar parts of the LFWF are
functions of the Lorentz invariant quantities x; and the invariant
mass squared M2, given by

K+ m
S L 51 IS
i

where m; is the mass of each nucleon constituent.

For a nucleon that consists of two constituents, in our case
a quark and a diquark, the nucleon Fock state can be expressed
as

dxd*k |

+, =0,A) = / - =

PPy ) 1673 /x (1 — %)

X Z\PAA k) xpto ko, Ay, Ad),

Agrha
3)

where \Ilfq 5, (X, k1) is the LEWF that describes the interaction
of a quark and a diquark to form a nucleon. We have chosen a
frame where the transverse momentum of the nucleon is zero,
and the helicities of the quark and diquark states are labeled
by A, and A,, respectively. The two particle Fock-state ket in
Eq. (3) is defined by

|xp+vklv)\'q7)\'a) = |ki~_ Z(l_x)p+a
kin = ki, koy = —ki; Ag, M) 4

= xp+, k;‘

In this work we make the quark-diquark approximation for
the LFWF of the nucleon, where we include both scalar and
axial-vector diquark correlations. The LFWF then takes the
form

q)iq)\.u (k, P)
M.
=ity (k, A )[901 ¢;§02j|”(l7 A)
+ig(k, ey (@, Aa) Vs [(pf + 905‘] u(p,r),
(5)

where the first term represents correlations in the quark—scalar-
diquark channel and the second quark—axial-vector-diquark
correlations. The variables k, g, p are, respectively, the quark,
diquark and nucleon momentum, where p = k 4+ g and M is
the nucleon mass. The quark and nucleon spinors are repre-
sented by u,(k, A,) and u(p, 1), respectively, and &"(g, A,)
is the usual spin-one polarization vector, representing the
spin-one axial-vector diquark. The interaction of the quark
with the diquark, in each diquark channel, is encapsulated by
two scalar functions; namely, ¢; and ¢,. We choose the ¢; and
@, scalar functions to have the form
1 (Mo — M)
(M5 +82)"
This choice is motivated by the success of earlier work
described in Ref. [12].
The wave function given in Eq. (5) is defined at the light-
front plane w - x = o, where w is a light-like vector. For a
stationary state we can consider a fixed lightcone time and

Q= @1. (6)
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set 0 = 0. The usual choice for the quantization direction is
w = (1,0,0, —1), so the nucleon wave function becomes

@} ., (k. p)
= ¢ (k,p)+ ¢ ,, & p)

= s M + .5
=itg(k, Ag) <p1+p—+y @y |ulp,X)

M
+itg(k, Xp)es (g, 2a) V" s [(ﬂi‘ + p—g*%’] u(p, A,

@)
where ¢,’\\q (k, p) represents the quark—scalar-diquark compo-
nent and ¢j\\q 5., (k, p) represents the quark—axial-vector-diquark
component of the nucleon LFWF. The above wave function
contains only the spin couplings; therefore, to fully define the
model we also need the flavor couplings. The flavor wave
function of the proton is given by

1 1 1
|p) ﬁluS) + \/6|MT0) ﬁldﬂ), ®)
where S is the flavor singlet state and 7T the flavor triplet and
therefore we obtain a symmetric spin-flavor wave function.
The antisymmetrization inherent in the model is represented
by Eq. (8), where any one of the three quarks canbe the u, u, d
of the three terms in that equation.

A. Bare nucleon form factors

For on-shell initial and final nucleon states, the Dirac and
Pauli electromagnetic form factors of the nucleon are defined
via the matrix element decomposition

(P, N1JE I p, )
=i(p', \) [y“Fl(QZ) +

F u(p, 9

3T z(Q)] (r. 2, 9
where M is the nucleon mass and Q? = —g?, where ¢ is the
four-momentum transfer. We choose to work in the Drell-Yan-
West frame, where the light-front momentum decompositions
of the relevant four-vectors are

2
q =(q+’q_’ qi)z (07 %’ qi)? (10)

M2
=(p+’ p_’ pl)z <p+5 _Jr,OL)y (11)
so that g> = —2p - g = —q3 = —Q?. With this choice the
Dirac and Pauli from factors are identified with the helicity-
conserving and helicity-flip matrix elements of the plus-
component of the electromagnetic current; that is,

FI(Q)_ (P 1 e e 1)
=5 (P 1, Hip ), (12)
pt
oy L —2M
»(QH) = Wzlﬁ(ﬁ AR Ip )
2M

m2p+<l7 UNPASTZRE S ¢ &)
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To determined the nucleon form factors we must therefore
compute the above matrix elements of the J* component of
the electromagnetic current.

Using Eq. (3) and the matrix element definitions of the
nucleon form factors given in Eqs. (12) and (13), it is clear
that the nucleon form factors are given by

Foh = [ LAk
Vx (T —x)
X Z W L KW k), (14)
—
0% = QM. dxd’ly
q'+iq* ) Vx(1—x)
X Z W KW (k). (19)
~

The helicity components of the LFWFs for scalar and axial-
vector diquarks are defined via

vl (e k) = ¢}, (k. p), (16)

x(1—x)

Viis, (k1) = ¢, kop), (D)

x(1—x)

and for convenience we define the scalar functions

) dxd*k
ff<Q2>=f L

e 2 Yh @ Koyl k. as)
Ag=+,—
dxd®k . ,
fiQ% =/ )16671; Z W,\T g (X kJ_)I/fA 2, (s kL),
Agshg=+,—

19)
2M dxd’k,

fi‘(Q2>=q1 i ] Tien Yo KDY k),
(20)
2M dxd*k |
a 2y
=g | e
Y e KDY k). @D
Agsha=+,—

Using the flavor wave function given in Eq. (8), the quark
flavor contributions to the bare (without pion cloud) proton
Dirac form factor are therefore given by

Fl((;,)'u(Qz) = %eufl‘v(Qz) + %eufla(Qz)v (22)
00 = ea f(02) @9

where e, and e; are the quark charges and analogous
expressions hold for the quark flavor contributions to the
Pauli form factors, with fi — f; and f{' — f;'. The scalar
functions f(Q?) and f{'(Q?) are subject to the normalizations
f7(0) =1 = f{(0), which guarantees the correct quark and
hence nucleon charges. Using charge symmetry we obtain the
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following results for the bare nucleon Dirac form factors:

F{(0%) = 3e, f(0QD) + 1 (eu + 2eq) f{(Q%)

= f1(0Y), (24)
FO(0%) = 3ea (0% + L (ea +2¢,) £1(0)

= 3£+ 5/, (25)

where again analogous expressions hold for the Pauli form
factors, with f} — f; and f{' — f5.

Using the LFWF given in Eq. (7) and the definition given
in Eq. (16), the explicit form of the scalar diquark helicity
components of the LFWFs are

A=yl k) = (M +
VA =xy! (v k) = —}C(k1 +ik))p}, @7)
Va0t k) = k!
VI=0vt (k) = (M+2) o +2Me3. 29)

m S S
;) @) +2Mg;,  (26)

— ik*)g, (28)

Similarly, using Eq. (7) and the definition given in Eq. (17),
the helicity components of the LFWF:s for axial-vector diquark
are

2k —ik?
VA=l k) = %wi‘ , (30)

V- x)lﬂi+ x, k) = ﬁ(M + %)‘P(f +2v2M g8,

€29

2(k! K2
VA=)l (x, k) = \/_(—erl)(ﬂp (32)

JA =0yl @, k) =0, (33)

and
VA =0yt (v ki) =0, (34)
VA=t (k) = f(kl x’kz o, (35)
VA =)y (k) = —f2<M + ;)sof —2v2Mg5,
(36)
VA=t (k) = wa- (37)

x (1 —x)

Using these results it is then straightforward to obtain
expressions for the scalar functions defined in Egs. (18)—(21);
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namely,
1 dxd’k 1
s 2y L 2 2 2 12 s s/
fi(Q°) = 63 /x2(1 —x){ |:k¢+(XM+m) - 4_1(1 —x) 0 ]%‘Pl
+2xM (xM +m) (o]0 + ¢}'p3) + 4x* M35 (38)
a 2 1 dxdzki 1+x2 2 1 2 12 a_al 2 a al
MO =g5 | wa-olaay |22 707 Q | vivl + M +m)ygiel
+2xM (M +m) (¢ 05" + ¢ ¢5) + 4x* M ¢S ¢8’ (39)
s M [ dxd’k, s ki-q s s g Sy s s
0% = 33 m[(l —X)(xM +m)gy ¢ _2XM7L (@19 = @301) +x (1 = x) M (9195 + ¢3¢7) :|* (40)
a M dXdzkl ar_a ki-q a _al a _al a _al a, al
£(0Y = T a3 m[(l —X)(xM +m)ei ¢ _2XM7L (eles" —@391") +x(1 =M (995 +¢59] ):|’
(41)
[
where the prime refers to the final state wave functions. The is given by
invariant masses are then given by 1 iohvg
sl ni) 4 NP p) =51+ T) [y“Ff?,)<Q2> + W“Fé‘,?(Q%}
2 ki F7;U—=Xx)g1 m
My = x 1 w e, A2 10" ), 2
(q . )2 , +§(1 —w) [ VI F, (Q HWFZ” (091,
ki F5(0-x)g.) +M
) 1—x > “42) (43)

where M, is the diquark mass, being either a scalar or axial-
vector diquark, and the minus sign is for the initial state and
plus sign the final state. Recall that M is the nucleon mass and
m the constituent quark mass.

B. Nucleon form factors with pion cloud

The pion-cloud component of our model for the nucleon is
introduced via a single pion loop around our bare nucleon, as
illustrated in Fig. 1 for the nucleon electromagnetic current.
The first diagram represents the photon coupling to the bare
nucleon, multiplied by Zy,, which represents the probability
that the nucleon is in a configuration without a pion cloud.
The second diagram in Fig. 1 represents the photon coupling
to the bare nucleon with a pion in the air; the photon coupling

/ /
Zng X — : — + _)_',_’_O_’,_
p ¥4 p q T 4 P P

FIG. 1. (Color online) Nucleon form factor diagrams, including
the pion cloud. The multiplicative factor Zy, represents the proba-
bility that the nucleon is in a configuration without a pion cloud. In
the second diagram the photon couples to the bare nucleon and in the
third diagram it couples to the pion.

where F, l(g)(QZ), Fz(g)(Qz), etc. are the bare nucleon form
factors discussed in Sec. II A. The contribution of this second
diagram to observable quantities is usually small. Finally, the
third diagram in Fig. 1 represents the photon coupling to the
pion in the loop, with a pion electromagnetic vertex given by

AL(p' p) = e3;i(p' + p)' Fx(Q?), (44)

where the pion form factor has the form F,(Q?) =[1+
Q?/A%2]7! and we choose the standard value of A2 =
0.5 GeV2.
The complete expressions for the proton and neutron Dirac
and Pauli form factors are then
Fip = Zuc ) + (A + R

1n
+(3F5) + Fy) ) Fiy" " + Fiy, 45)
Fin(Q%) = Zua Fyy) + (F{) + 3 F)) Fiy ™

+(Fy) + SF ) FRN0D — Y, (46)
F2p(Q2) =Znx Fz(f');) + (%Fl(?’) + F(O))Fz(x),vec

1n

+ (35 + B3 ) By + B 1)
Fou(Q%) = Zyo P + (F + LFD) Ey
+(F) + 1) B - B @8)

where the Q2 dependence of the various form factors has
been omitted for clarity. The form factors F\n""*(Q?) and
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FANY(0?) result from the second diagram in Fig. 1 where the
photon couples to the bare nucleon with a y#, while the form
factors Fl(x)’ten(Qz) and Fz(x)’te“(Qz) arise from the io*’q,
coupling to the bare nucleon in the same diagram. Recall
F, 1(2)’ F, 1(2), etc. are the bare nucleon form factors discussed
in Sec. IT A.

For the form factors arising from the pion loop in the second
diagram of Fig. 1, we find [7]

! d?k
FIN™ (0% = g2y / dx / e Fan (€2, X) Fan (€2, %)
0 2(2m)

X [ki + xM? — %szz]

, (49)
D+ (k1) D™ (ky)
(N),vec, ~2 2 2 ' dzkl
FNvee(0?) = 262 M i dx/2(2n)3
3
X Fyn (@2 x)Fon (€2, x) al
T D (k) D (kL)
(50
and
1! d’k
F(V)en 2:_2_/n1/ L
1N (Q) gnN2 o X 2(27_[)3
32
Fon (€. 1) Fan(€2 o
X Frn (8, x)Frn (€2, x) DF (k) D- (kL)
(51

! d?k
FiN"(0%) = g2y / dx / L Fen (8, ) Fan (8, x)
0 2(2m)

x [x2M? — iszz + k2 — ki]
DF (k) D™ (kL)

; (52)

where we take g,y = 13.5, 4L =k, + %qu, and

D* (k) = (ki + 1xq,)’ +x*M* + (1 —x)m2,  (53)

with m, being the pion mass. The pion-nucleon form factor
that enters diagrams two and three in Fig. 1 is taken to be

2 22702 2 2
FﬂN(Zi, x) — 87[ZL+X M +(1—x)m;]/[2x(1—x)A ]’ (54)

where A is a parameter that encapsulates the nonpointlike
nature of the pion-nucleon vertex and will be determined
in Sec. IIl. The form of F,y is chosen so as to maintain
charge and momentum conservation [13]. An improvement
was suggested in [14], but this has not yet been applied to
calculating electromagnetic form factors.

The form factors arising from the pion loop in the third
diagram of Fig. 1 are given by [7]

- 1 d%k
FI) = g2 Fo(0%) /0 dx / o En I P )

x [k — 11— x)? 0% +x*M?]
D* (k1) D~ (k1) ’

(55)
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! d*k
R = 220050 [ ax [ SXEEe
0 Q)

x2(1 —x)
Fon (K, , 56
X D k) Dk 0
where we have defined
ki=k £1(1-xq,. (57)

We note that the present version provides a minimal
treatment of the pion cloud. Effects of the intermediate A
and terms involving a y N — N direct coupling are not
included. Both of these terms involve distances smaller than
those of the terms we do include, which dominate in the
chiral limit. Therefore, we shall assume that such effects are
subsumed within the parameters of the model. We shall see
that achieving the present modest goal of reproducing form
factors, while remaining consistent with the small fraction of
the nucleon total angular momentum carried by the quarks
spin is possible without including terms additional to those of
the above equations.

III. RESULTS FOR NUCLEON FORM FACTORS AND
THEIR FLAVOR DEPENDENCE

The parameters of the model are as follows: the quark,
scalar diquark, and axial-vector diquark masses, labeled by m,
M, and M,, respectively; the three parameters cy, B;, and y;
[see Eq. (6)] that specify the quark—scalar-diquark component
of the nucleons LFWF and the analogous three parameters
Cas Ba, and y, which encapsulates the quark—axial-vector-
diquark component of the nucleons LFWF. Finally, there is
the parameter A which enters Eq. (54) and describes the
high momentum transfer fall off of the pion-nucleon vertex
function. Therefore, in total the model has ten parameters and
these are chosen to minimize x2 as defined by

2 1 |:|F1P_Fle;p|
2

~an LRy 5y

|F2P_F§;p

X

| Fexp In | Fexp 2n
1 2n

n

Fi, — Fexp Fyy, — Fexp

where Fj,, etc, are the form factors from the model, given in
Eqgs. (45)—(48), and for the empirical form factors (namely,
F le;p, etc.), we take the results from Ref. [15]. For the sum
in Eq. (58) we take n, values of 0? chosen uniformly on
the domain Q? € [0, 10] GeV? and Table I gives the resulting
model parameters for n, = 11. In this fit the resulting mass of
the axial-vector diquark (namely, M, = 167 MeV) does not
seem to be realistic. Such a small value could be the result of
a surprisingly strong binding forces in that system. However,
the small value may be masking the limitations of the spatial
wave functions induced by using the specific forms of Eq. (6).
The resulting values of the nucleon magnetic moments are
also shown in the table and are in good agreement with the
experimental values of u, = 2.79uy and u, = —1.91py for
the proton and neutron, respectively.
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TABLE 1. Model parameters: m constituent quark mass, M; scalar diquark mass, M, axial vector diquark mass, quark—scalar-diquark
nucleon LEWF parameters cy, By, ¥ [see Eq. (6)], quark—axial-vector-diquark nucleon LFWF parameters c,, B,, ¥, [see Eq. (6)], pion-nucleon
vertex parameter A [see Eq. (54)]. All mass-dimensioned parameters are in GeV. The first column gives the x? obtained in the fit expressed in
Eq. (58) and the final two columns present our results for the proton and neutron magnetic moments.

XZ m Mx Ma Cs ﬁs

Ca Ba Ya A mp(in) Mn(Ln)

0.078516 0.191 0.414 0.167 1.509 1.226

5.719

0.008 1.104 8.586 1.035 2.794 —1.849

The results for the proton Sachs form factors are shown
in Figs. 2 and 3. We find that our results agree very well,
over a large Q7 range, with the empirical parametrizations of
Kelly given in Ref. [15]. At small Q? both the electric and
magnetic form factors fall off a little too rapidly, which is a
likely indication that the pion cloud component of the LFWF
is slightly too large. In Figs. 4 and 5 we compare our form
factor results with data for the ratios u,G g,(0?)/ G u,p(Q?)
and Q% F>,(0?)/ F1,(Q?), respectively. In each case our results
agree very well with the measured ratios and, although not
shown in Fig. 4, we find that the Gg,/ Gy, form factor ratio
crosses zero at Q% ~ 12.3 GeV?2.

Our results for the neutron Sachs form factors are
illustrated in Figs. 6 and 7. A comparison with the empirical
parametrizations of Ref. [15] and the recent Jefferson Lab data
for G, given in Ref. [22] shows excellent agreement. Similar
to the proton case, we find that our neutron magnetic form
factor falls slightly too fast for small values of Q. However,
our agreement with the Kelly result for G g, is extremely good.
Figures 8 and 9 compare our form factor results with data for
the ratios 1, G £,(0?)/ G un(Q%) and G yn(Q*)/ (11, G p(Q*)],
respectively, where G p(Q?) is the dipole form factor with mass
parameter A = 0.71 GeV?>. The comparison between data and
our model results in Fig. 8 is very good and our description of
the Gj,(Q?) data from Ref. [23] (see Fig. 9) is generally as
good as the one provided by Kelly [15] and seems to be better
for the larger values of Q2.

The importance of looking at the separate quark sector form
factors for u and d quarks in the nucleon has been stressed
in Ref. [8]. This is possible because of the charge symmetry

proton Sachs form factors

0 0.5 1.0 1.5 2.0

Q* (GeV?)

FIG. 2. (Color online) Solid lines are the model results for the
proton Sachs form factors and the dashed lines are the empirical
results from Kelly given in Ref. [15].

(invariance under interchange of # and d quarks) of the nucleon
wave function [24,25]. The quark sector Dirac and Pauli form
factors are defined by

Fiy) = 2F},,, + Fiiy), and Fj{,) = F{,  + 2F{( . (59)

We illustrate results for Q*F) and Q*Fj /k,, where x, =
F(Q*>=0)and g € u, d, in Figs. 10 and 11, respectively. In
each case the agreement between our results and the data from
Ref. [8] is very good. We predict that F’ ld has a zero crossing at
approximately 5.5 GeV? and also observe a crossover between
F) and F§ at approximately 3 GeV?. This is consistent with
the data in Ref. [8], where it is shown that, for both the Dirac
and Pauli quark sector form factors, the d quark sector drops
faster than the u quark sector. The data in Ref. [8] also exhibit
the behavior that on the domain 1 GeV? < Q% < 3.4 GeV?,
the ratio of the Pauli to Dirac form factors, in both the u- and
d-quark sectors, is almost constant.

Flavor separated form factors have been considered for a
long time in the context of generalized parton distributions
(GPDs) [26,27]. The present work is limited to elastic form
factors and benefits from the knowledge gained by eight years
of experimentation, including the extension of neutron form
factors to higher values of Q. The wave functions of our
model do contain predictions related to GPDs and these will
be considered in the future.

IV. PROTON SPIN CONTENT

The true test of this model is the independent prediction
of the proton spin content. This prediction is implied by the
definition of the flavor-spin wave function given in Eq. (8) and

L2 f 7T T T ]
S 7
% 1.0 b Z i
U 2,
~. /,
0.8 / 1
~ /,
< 7 4
-l / 4 ~Kelly 4 ~Kelly |
\é 0.6 , -————Q GMp ........ Q GEP
S v ‘ ! |
Sl ) @G - " @G |
G)
- 02 L ./.'_...—v...—,'-'—_.._ ...... - 4
* ..)-. s SO T
0 & * : -
0 9 4 6 8 10
Q* (GeV?)

FIG. 3. (Color online) Proton Sachs form factors and their
comparison with the empirical parametrizations of Ref. [15].
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T T T T T

U empirical — Venkat
model result

Hp GEP(QQ)/GMP(QQ)

Q? (GeV?)

FIG. 4. (Color online) Ratios of the proton electric to magnetic
Sachs form factors. The solid curve is our model result and the dashed
curve is the phenomenological fit of Ref. [16]. The data are from
Refs. [17-21].

the LFWFs given in Eqs. (16) and (17). The helicity parton
distribution functions (PDFs) are given by

Aq (x) = g1 (x) —q-(x), (60)

where ¢, (x) is the number density of quarks with helicity
parallel to the nucleon spin and g_(x) is the number density
of quarks with helicity antiparallel to the nucleon spin. The
quark spin content (namely, AX = Au + Ad) is obtained by
integrating Eq. (60) over x for both the u# and d quarks. In this
work we ignore contributions to AX from the heavier quark
flavors.

Using the proton spin-flavor wave function of Eq. (8), we
obtain

Au(x) = 3Aq,(x) + 5Aqq (x), (61)
Ad (x) = Ag, (x), (62)
for the bare nucleon, where the subscripts s and a refer
to the contributions to the helicity PDFs from the quark—

scalar-diquark and quark—axial-vector-diquark components
of the nucleon’s LFWF. The functions Ag(x) and Ag,(x)

3.0 | -- ]

_____ empirical — Kelly

Q* F(Q)/ F1p(@°)  [GeV?]

F model result
00 n 1 4 1 n 1 4 n
0 2 4 6 8 10

Q* (GeV?)

1

FIG. 5. (Color online) Ratios of proton Pauli to Dirac form factors
multiplied by Q2. The solid curve is our model result and the
dashed curve is the empirical result of Ref. [15]. The data are from
Refs. [17-21].
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neutron Sachs form factors

—2.0 1 1 1 1 1 1 1 1 1 1 n n n n 1

FIG. 6. (Color online) Solid lines are the model results for the
neutron Sachs form factors and the dashed lines are the empirical
results from Kelly given in Ref. [15].

are completely analogous to the bare nucleon form-factor
quantities f7(Q?) and f{'(Q?), respectively, and expressions
can easily by obtained using Eq. (60) and the results given in
Eqgs. (26)—(37). We find

Aq() Z, / d%*k,
s(X) =
% 167> ) x2(1 —x)

<{ [(Mx +m)g} +2Mx03] = g%}, (63)

Z, d*k,
A =55 | 2a-n

1+x2 a a a 2
X {mkiq)lz— [(Mx +m)g| + 2Mx¢5] }

(64)

The spin content is determined by the first moments of the
helicity PDFs; namely,

1
3 1
Au = / dxAu (x) = -Aqs; + = Aqu, (65)
0 2 2

— T T T T T T T T T T T T T T

6L 0 T===- empirical — Kelly |

FARRN —— model result

)

(5]

GETI(Q

0.02

(=}
—
o
w
=~
[

FIG. 7. (Color online) The model result for the neutron Sachs
electric form factor is given by the solid line and the dashed curves
is from Kelly [15]. The data are from Ref. [22].
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0.1 B AN empirical — Kelly

¥ model result
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0 1 2 3 4

Q* (GeV?)

FIG. 8. (Color online) Ratios of the neutron electric to magnetic
Sachs form factors. The solid curve is our model result and the dashed
curve is the phenomenological fit of Ref. [15]. The data are from
Ref. [22].

1
Ad = / dxAd (x) = Agq,. (66)
0

The dominant terms in Egs. (63) and (64) are those containing
the nucleon mass, and these come in with a positive sign for
the scalar diquark component and with a negative sign for the
axial-vector piece. This implies that the quark spin content of
the term with the axial-vector diquark can be expected to be
negative. Importantly, these results refer to the contribution of
the nucleon without including the effects of the pion cloud.

The effect of the pion cloud on the nucleon spin sum is
determined by evaluating the diagrams illustrated in Fig. 1,
where instead of the electromagnetic current operator we insert
the quark spin operator. In this case, only the first and second
diagrams in Fig. 1 contribute because the spin of the pion zero.
We find that the nucleon spin sum, including the pion cloud,
is given by

AT, = (Znz + AqR) (Au+ Ad), (67)
;/l‘ 1.1 F ?e]
S 1
2 ,/ \\\ % ]
U: ot %#H%%% ‘% + ]
S i{»
> - 4
i@;, 0.9 %%\‘“
5 ----- empirical — Kelly
model result
0 1 2 3 4 5
Q> (GeV?)

FIG. 9. (Color online) The solid curve is our model result for the
neutron form factors ratio of Gy, /(. Gp), where Gp(Q?) is the
dipole form factor with mass parameter A = 0.71 GeV?. The dashed
curve is the empirical result from Ref. [15] and the data are from
Ref. [23].

PHYSICAL REVIEW C 86, 015208 (2012)

T T T T T T T T T T T

Q'FI@) [GeV'

FIG. 10. (Color online) Model results for Dirac quark sector form
factors F}* and F{ multiplied by Q*. The data are from Refs. [8,17-
22,28-32].

where
! d%k
AgT = —3g2 /dx/—l—x
dn 8xN A 2(27_[)3( )
K — (1 —x)?M?

FZy(x, k). (68)
[+ (1 —x)? M? 4+ xm2]°
Numerical evaluation using our LFWFs gives
Au=0.921, Ad=-0.424, (69)

so that the fraction of the spin carried by the quarks in a bare
nucleon is

AY = Au + Ad = 0.497. (70)
Using Eq. (67) and the results
Znz =0.706, Agr = 0.0281 (71)

implies that the nucleon spin sum, including the effects of the
pion cloud, is given by

A, = 0.365. (72)
0.4 T T T T T T T T T T T T T
5 — Q4 F27L<Q2)/"iu ]
?«5 0.3 » _____ O FHQ?) [k A
- N A ]
< b ey — ]
g\\ 0.2 j ’/x é ~ o -~ ) j
S e S~o
B or [ R
>
O 1 1 1 1 1 1
0 2 4 6 8 10 12 14
Q* (GeV?)

FIG. 11. (Color online) Model results for the Pauli quark sector
form factors FY and F{ multiplied by Q* The data are from
Refs. [8,17-22,28-32].
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In contrast with previous work, the term Agy is greater
than zero. This results from our relativistic treatment and
numerically arises from the cancellation of the two terms in
the numerator of the integrand appearing in Eq. (68). This
is a small effect. The value 0.365 is in good agreement with
the central value 0.366 obtained in the global analysis (using
Xmin = 0.001) of Ref. [33]. Future measurements made at
higher energies may reduce this central value. However, the
present agreement is very good, considering that the model
wave function has no gluons.

V. SUMMARY AND DISCUSSION

The main point of our work is to show that it is possible to
construct a constituent quark model—capable of reproducing
the measured electromagnetic form factors—in which the
quark spin content of the nucleon is in qualitative agreement
with experiment. This phenomenology is achieved by using
relativistically moving quarks, immersed in a cloud of pions.

PHYSICAL REVIEW C 86, 015208 (2012)

There are several possible improvements to the model:
including more pionic terms, increasing the flexibility of the
guess for the wave functions given in Eq. (6), improving the
treatment of the pion-nucleon vertex along the lines suggested
by Ref. [14], including the effect of intermediate A baryons
in the pion cloud contribution, and so on. While the present
model is not likely to be the final word on the subject, it does
show that the quark model, with suitable obvious modifications
from the original nonrelativistic, pion cloud-free version does
survive the “proton spin crisis” in a manner very similar to
that previously noted [2,10]. Future refinements and tests of
the model depend on the ability of experimentalists to make
improved measurements.
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