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Light front cloudy bag model: Nucleon electromagnetic form factors
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The nucleon is modeled, using light front dynamics, as a relativistic system of three bound constituent
quarks surrounded by a cloud of pions. The pionic cloud is important for understanding low-momentum
transfer physics, especially the neutron charge radius, but the quarks are dominant at high v@RieBhef
model achieves a very good description of existing data for the four electromagnetic elastic form factors.
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The recent exciting experimental results for the ratio pro-irst. The original construction of this three-quark model was
ton elastic form factor&g /Gy (or QF,/F;) [1,2] and the based on symmetry principld$,6]. The wave function is
impending high accuracy data for the neutron ele¢8jand  antisymmetric, a function of relative momenta, independent
magnetic[4] form factors have reignited interest in the ven- of reference frame, and an eigenstate of the canonical spin
erable goal of understanding the structure of the nucleon. operator. Schlumpf7] applied it to compute a variety of

The aim of the present Rapid Communication is tobaryonic properties. Frank, Jennings, and Milgused this
present a reasonable, workable model which describes cufoodel to ZPVEd'?t a very strong decreaséf/Gy as a func-
rently available information and makes predictions testabldion of Q%, which has now been measured. Explaining the
against data taken at higher values@#, or taken for im- Meaning of this result was left for a second pap@ in
proved accuracy. The model should have enough content dyhich imposing Poincarivariance was shown to lead to an

; ; ; 2
that its ultimate disagreement with experiment eIucidate?naIytIC result that the rat'QleFl Is constant for IargQ
some missing piece of physics. Poincaneariance and pion and to a potential violatiohl10] of the helicity conservation

: : ._rule.
cloud effects, as motivated by chiral symmetry, are the prin- The wave function we use is given by

cipal tools used to construct the model.

Poincareinvariance is maintained or approximated by us- W(p;)=D(M2)u(py)u(pa)u(ps) ¥(p1,P2,Ps),
ing light-front dynamics, in which fields are quantized at a
fixed “time” =7r=x%+x3=x". The r-development operator Pi=PiSi,7i, (1)

is then given byP®— P3=P . The canonical spatial variable
is x =x%—x3, with a canonical momentur®* = P%+ P2,
The other coordinates are andP, . The relation between
energy and momentum of a free particle is given fby
=(p2+m?)/p™, a relativistic kinetic energy which does not
contain a square root operator. This allows the separation S 7 . o
center of mass and relative coordinates, so that the comput&relat'v's'[.'c version Of thg familiar 56) wave func.non, no
wave functions are frame independent. The use of the |igh<l:onf|+gurat|on mixing is included. The notation is that
front is particularly relevant for calculating form factors, — (Pi :Pir). The total momentum |5p+: P1t P2* Pa- Thf
which are probability amplitudes for a nucleon to absorb d€lative coordinates —are é=p;/(p; +p2), 7=(p;
four momentung and remain a nucleon. The initial and final +P2)/P*, and k, =(1—£&)py, —£p2., Ki=(1— ) (P
nucleons have different total momenta. This means that the-P2.) — 7Pz, - In computing a form factor, we take quark 3
final nucleon is boosted relative to the initial one, and thereto be the one struck by the photon. The value ef# is not
fore has a different wave function. The light front techniquechanged ¢*=0), so only one relative momenturi,, is
allows one to use boosts that are independent of interactionshanged:K| =K, —7q, . We take the form of the spatial
We are concerned with the DiraB, and PauliF,  wave function from Schlumpf7]: ®(Mg)=N/(M3+ 8?)?,
[F2(0)=«, the anomalous magnetic momgfdrm factors.  with M2 is the mass-squared operator for a noninteracting
The Sachs form factors ar&g= Fl—Q2/4Mﬁ,F2, Gp system:
=F,+F,. We use the current’s “good” componend,",
so that Fi(Q?)=(N,T[J*|N,1), QF»(Q?)=(—-2My) ,  KEKk+m® om?
X(N,T|3|IN, 1), with nucleon light-cone spinors, and in a Mo= 7(1—7) + nE(1—§) 1z 7 @
frame withq™ =0 andQ?=g°=q2.
The model nucleon consists of three relativistically mov-Schlumpf's parameters argg=0.607 GeV, y=3.5, m
ing, bound constituent quarks, which are surrounded by & 0.267 GeV. The value of was chosen thad*G,,(Q?) is
cloud of pions. The quark aspeds—9], will be discussed approximately constant fa?>4 Ge\? in accord with ex-
perimental data. The paramej@thelps govern the values of
the perp-momenta allowed by the wave functibnand is
*Email address: miller@phys.washington.edu closely related to the rms charge radius, ands mainly

where i is a spin-isospin color amplitude factor, tpe are
expressed in terms of relative coordinates, lip;) are or-
dinary Dirac spinors® is a spatial wave function, and the
repeated indicep; are summed over. The specific form f
& given in Eq.(12) of Ref.[9] and earlier in Ref{6]. This is
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FIG. 1. Calculation ofGg. The data are from Ref12].
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(a) (b) ©)
FIG. 2. Diagrams.

=-0.113+0.005 fnf. The three-quark model value is
—0.025 fnf, obtained using Schlumpf’s parameters. To un-
derstand this small magnitude we expr€gsin terms ofF; ,

for small values ofQ?. ThenR2=R{+R2, where the Foldy
contribution, RZ=6«,/4M?=—0.111 fnf is, by itself, in
good agreement with the experimental data. But this does not
guarantee success in explaining the charge radius because
one needs to include th@? dependence of; which gives

RZ. In the three-quark modé&;= +0.086 fnf which nearly
cancels the effects dR2. Such a cancellation is a natural
consequence of including the relativistic effects of the lower
components of the quark Dirac spin¢is]. Another effect is

determined by the magnetic moment of the proton. We shalheeded.

use different values when including the pion cloud.

Sometimes a physical nucleon can be a bare nucleon and

The calculation of form factors is simplified by using @ virtual pion. An incident photon can interact electromag-
completeness to express the wave function in terms of lighaetically with a bare nucleon, Fig(&, with a nucleon while
cone spinorsi (p*,p,\), which are related to Dirac spinors a pion is present, Fig.(B), or with a charged pion in flight,
by a unitary Melosh rotation evaluated in terms of PauliFig. 2(c). These effects are especially pronounced for the

spinors:|\;), [si), with (\[RY(pi)|siy=uL(pi \)u(pi,s)).

neutronGg [16], at small values ofQ?, because the quark

Thus the wave function depends on Melosh-rotated Pauffffects are small. The tail of the negatively charged pion

spinors:

M+ (1—n)Mg+io-(nXps3)

1ps)=
I1pa) J(m+(1=7)Mo)?+p3,

1
H

where the quantity in brackets F@L,(pg,). The functionMg
enters in the definition of the thir@z component of the

distribution extends far out into space, causiRg to be
negative. Such contributions were computed long ago using
the cloudy bag mod€ll6], which employed static nucleons.
The effects of the pion cloud need to be computed rela-
tivistically to confront data taken at larg@?. This involves
evaluating the Feynman diagrams of Fig. 2 using photon-
bare-nucleon form factors from our relativistic model, and
using a relativisticrr-nucleon form factor. We define the re-

quark momentum t.hat enters in the Dirac spinors. The spinsulting model as the light-front cloudy bag modeicsm.
isospin wave function can then be thought of as constructetthe light-front treatment is implemented by doing the inte-
from the nonrelativistic quark model, but with the replace-gral over the virtual pion four-momentuii”,k, , perform-

ment of Pauli spinors by those of E@®). An important effect

resides in the termn(X p;) which originates from the lower

ing the integral overk™ analytically, reexpressing the re-
maining integrals in terms of relative variablesa (

components of the Dirac spinors: the orbital angular momen=*/p*) and shifting the relative variable toL, to sim-
tumL,#0 [11]. The term (X p3) is also responsible for the plify the numerators. Thus the Feynman graphs, Fig. 2, are

flatness of the rati® F,(Q?)/F(Q?).

represented by a single-ordered diagram. The use df

We turn now to neutron properties. The three-quark mode‘ljmd the Yan identitf17] S-(p) :ESu(p,s)U(p,s)/(pz— m2

for the proton respects charge symmetry, invariance unde
the interchange afi andd quarks, so it contains a prediction

shown in Fig. 1(compared with data from Refl12]) for
neutron form factors. We note th@&z, would vanish in the

nonrelativistic limit, Ry,—1, so the deviations from 0 are
solely due to relativistic effects. The resulting electric form
factor, shown in the curve labeled “relativistic quarks,” is

very small at low values df?, but at larger values dd? the

Lie)+y*/2p* allows one to see that the nucleon current

' operators appearing in Fig(l® act between on-mass-shell

spinors.
The results can be stated as

Fia(Q)=Z[F(Q) +Fpa(Q) +Fica(Q)],  (4)

prediction is larger than that of the Galster parametrizatiorwherei=1,2 denotes the Dirac and Pauli form factoss,

[13].

=n,p determines the identity of the nucleon, aRff)(Q?)

The slope ofGg, is related to the charge radius as are the form factors computed in the absence of pionic ef-

Gen(Q%)— —Q%R2/6 with a measured valugl4] of R2

fects. The wave function renormalization constan$ deter-
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mined from the condition the charge of the proton be unity: TABLE I. Different parameter sets, units in terms of fm.
Flp(Q2=0)= 1. Calculating the graph of Fig(d gives

Setlegend m B A y  —RE —un o mp
F15n(Q) = (2FD(Q%) + F&%)(QZ))f (a®M?+12 1 solid 1.8 365 31 41 0111 173 288
N 2 dot-dash 18 365 295 39 0103 168 2.83
— a2Q4) + (2FR(Q?) 3 dash 17 265 31 37 0109 179 295
+ F(Z?])(QZ))J (a’Q?/2), (5) within about 10%. We also require that the computed values
N

of Gun(0.5), Ggn(1,1.5), Gun(4), #Ggp/Gup(5.5),
Gmp(5.5), andGy,,(10) agree with the measured values
F2bn(Q2):(Fg%)(Q2)+Fg?1)(Q2)/2)f (2M24?) well enough so that the average disagreement is about one
N error bar. Many parameter sets satisfy this criterion. We show
results for three in Table [21] and in the figures. The dif-

+ (F(z%)(QZ)+ F(z%)(QZ)/z)f (4a®M2+242), ference between sets 1 and 2 appears only in the valie of
N S0 one can assess the dependence on that parameter.
6) The first application of theFceMm is to Gg,, and the re-
sults of using the three parameters sets of Table | are shown
where the integration measufg is given by in Fig. 1. It is easy to find many parameters which provide a

) g large pionic effect at small values . The agreement with
9 , Qa )2 2 existing data is good, and more higher quality data at larger
fN= 2(27-,)3f d LLXR(L(L ) ’a)R(L(L ) a), (1) values ofQ? is expected 3]. The next step is to compute
Gumn, Which is expressed a&y,/uGp, where u is the
g is the =N coupling constant,g?/4m=14, |_(f)z|_L computed neutron magnetic moment anGp=(1
+aq, /2, aD(K? ,a)=M2a?+ K2 + u?(1— ), and +Q%0.71 GeV¥) 2. The results are shown in Fig. 3. The
R(K? ,a)=F n(k? ,a)/D(K? ,a). The =N form factor is agreement between the present theory and existing[da}a
taken as is excellent, but this will soon be tested by a new experiment
[4]. The important pionic effects can be examined by com-
F,TN(kZ ,a)=exq—(D(k2 ,a)[2(1—a)A?)], 8 paring the two dashed curves of Fig. 3. Neglecting the pion
cloud and using the parameters of set 3, leads to a large
as used by Ref$18,19, and satisfies the constraints neededchange in the results. At higQ?, pionic effects are absent
to maintain charge conservatif20]. Including the form fac- and the difference arises from the no-pion result that
tor this way uses the assumption that the form factor is an= —1.41 instead of-1.79. At low Q? the full calculation
analytic function ofk ™. The results5), (6) show that each shows a dip caused by the rapid fall-off of the pion cloud
term in the nucleon current operator contributes to Both  contribution.

~
~
~

andF,. The evaluation of Fig. ) yields Consider the calculation of proton observables. Figure 4
shows that the measured ratio of Dirac to Pauli form factors
2 o [A=a) oo
Flcn(Q )=_2F71-(Q ) —(a M +Ll 1.3 L — i T T T T T L

N @ L s ~' | I ]

- 7/ ~ N -

—(1-2)Q%4), 9) L/ “~go mset 3 ]

. , N .

/ ~ ~ 4

(1~ a) @em’a(1l-a)).
o 1.1
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Faen(Q?) = —ZF,T(QZ)JN

/
/
/
1

)

The proton form factors can be obtained by simply making
the replacements— p in Egs.(5), (6) and—2— +2 in Egs.
(9), (10). The change in sign accounts for the feature that the
7~ cloud of the neutron is insteadma" cloud of the proton.
Equations(4)—(10) completely specify the form of the
calculation. But the LFCBM requires four parameters

1.0

neutron

0.9

7T

y.|||||||||||||/

Gu/1Gp (

m,3,v,A. Including pionic effects while continuing to use 08 1 ]
the original values ofn,3,y, would lead to a satisfactory C ]
description of Gg,, [11], but would cause other computed PP N R N B I

observables to disagree with experiment. Thus a new set o 2 4 6 8 10
parameters is needed. The following set of requirements is Q2 (GeVZ)

used to restrict the parameters. First, the magnetic moments

of the proton and neutron must agree with measured ones FIG. 3. Gy,,/uGp for the neutron. Data are from R¢22].
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FIG. 4. QF,/«F, for proton. Data are from Ref§l1,2]. FIG. 5. Gy, /uGp . Data are from Refl23].
is reasonably well reproduced, as we found ear&g]. These calculations show that the combination of Poincare

These ratios are not very sensitive to the parameter set. Thigvariance and pion cloud effects is sufficient to describe the
shows that the pion cloud effects are not very important folexisting experimental data up to ab&@#= 20 Ge\2. This is

this ratio at relatively large values d@p?, as long as the somewhat surprising as the model keeps only two necessary
magnetic moment is reproducethe effects of removing  effects. Configuration mixing of quarkg4], the variation of

the 7 cloud arise mainly from the value of which is 1.51  the quark mass wittp? [25], exchange currenfg7], and an
instead of 1.83.Thus, as stressed elsewh¢®g respecting  jntermediateA [16] have not been included. These effects
symmetries is more important than including detailed dy-gither have modest influence, or are incorporated implicitly
namics in obtaining a constant ratio. Finally, the proton magthrough the choice of parameters.

netic form factor Gy /uGp, wherep is the computed pro-  perhaps the strongest model feature is that it is testable in
ton magnetic momehts shown in Fig. 5. For this case, set 3 ypcoming experiments. For the protd@F, /F is predicted
seems to provide a “best” description of the present datgg pe constant for values @2 up to about 20 Ge¥ The

[23] up to abouiQ?=20 GeVF. For higher values the calcu- neutron Gg,, soon to be measured, is predicted as is its
lation falls a bit below the data, perhaps indicating the neegnagnetic form factor also soon to be measured.

for the effects of perturbative QCD. At low values @f the There also are implications for other reactions. Hadron
rapid fall-off of the 7 effects leads to a dip. _helicity conservation has been stated to predict that
model obtained an excellent reproduction of existing datgjata, so there is no need to expect it to hold for a variety of
[7], and our parameters are similar to his. The lowest-ordegyclusive reactions occurring at high?<5.5 Ge\?. Ex-
effect of the pion cloud vanishes, so the principal differenceymples include the large spin effects observeg nelastic

is that our quark masses are larger. This increases the congeattering[28] and the reactionyd—np [29], but there are
puted value of, for a bare nucleon by about #5%. But  many other possibilities.

this is opposed by the need to multiply the bare nucleon

result by the renormalization factat of about 0.85-0.9. This work was partially supported by the U.S. DOE. |
Thus our results should be similar to those 6. thank R. Madey for encouraging me to comp@g.
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