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We analyze electroproduction of ¢-meson from a proton within a uud-ss cluster
model as a probe of the strangeness content of the proton. Our consideration is based
on the relativistic harmonic oscillator quark model which takes into account the Lorentz-
contraction effect of the hadron wave functions. We show that the knockout mechanisms
are comparable to the vector-meson-dominance model of diffractive production if only
(1-2)% strag e quark admixture is assumed. The uud- and ss-knockout cross sections
have a qualitatively different dependence on the four-momentum transfer squared to
the proton and may be digtinguished experimentally.

PACS. 14.20.Dh - Protons and neutrons.
PACS. 13.60.Le— Meson production.
PACS. 12.39.Ki- Relativistic quark model.

I. INTRODUCTION

Conventional phenomenological quark models describing low-energy properties of
baryons treat nucleons as consisting of only up and down quarks. So it naturally comes as
a big surprise when some recent measurements and theoretical analyses indicate a possible
existence of a significant strange quark content in the nucleon. For example, new anaysis of
the sigma term [1] in pion-nucleon scattering suggests that about one third of the rest mass
of the proton comes from ss pairs. The EMC measurement of the spin structure function
of the proton in deep-inelastic muon scattering [2] has been interpreted as an indication
of the strange quark sea s5 strongly polarized opposite to the nucleon spin, leading to the
conclusion that the total quark spin contributes little to the total spin of the proton. A
similar conclusion has been drawn from the BNL elastic neutrino-proton scattering [3,4].
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These have prompted a set of new experimental proposals [5] to measure the neutral weak
form factors of the nucleon which might be sensitive to the strange quarks inside the nucleon.
An intriguing idea as proposed by the guest of honor of this Symposium, Professor Henley
and his collaborators [6,7], is to directly probe the strangeness content of the proton by
the lepto- and photo-production of +-meson that is essentially 100% ss. The idea is to
determine the amount of the s&admixture in the nucleon by isolating the contribution of
direct knockout of s3 cluster to the measured cross section. Henley at a. [7] carried out
a calculation in a non-relativistic quark model (NRQM) that contains some strangeness
admixture in the proton. They found that the direct knockout contribution is comparable
to the prediction of the vector-meson dominance model (VDM) of diffractive production
[8-10] if a(10-20)% strange quark admixture is assumed.

The knockout contribution is closdly related to the hadron form factors which in a
non-relativistic quark model depend on the three-momentum transfer squared ¢ = —q% +
v?, where q and v are the four-momentum and energy transferred to the hadron system,
respectively. In the considered kinematical regions of &production, the minima value of g2
is about 3.6 GeV?. It is clear that the momentum transfer in this region is too large to use
the non-relativistic quark model because its predictions for hadron form factors are in poor
agreement with experiment at g%> 0.3 GeV?2. Furthermore, only the s3-knockout from the
proton was considered in Ref. [7] and the process of direct knockout of the uud-cluster was
left out as it was argued to be suppressed.

In this talk, we report a calculation which improves the calculation of Ref. [7]
by taking into account the relativistic feature of the process with the use of relativistic
harmonic oscillator model (RHOM) [11] which describes the nucleon form factor in a wide
kinematical region of the momentum transfer, up to 25 GeV?, and reproduces the quark
counting rule. We find that the direct knockout mechanism is comparable to the VDM
diffractive production if only (1-2)% strange quark admixture is assumed. The contribution
of direct uud-cluster knockout as well as the interference between the ss-knockout and the
uud-knockout is also calculated and discussed.

II. KINEMATICS AND CROSS SECTIONS

The one-photon exchange diagram for ¢ electroproduction is shown in Fig. 1. The
four momenta of the initial electron and proton, final electron and proton, the produced ¢
meson, and the virtual photon are denoted by k,p, kT, pT, g4, and g, respectively. In the
laboratory frame, we write k =(E, k), kT =(E. k'), p=(E,p) = (Mn,0), where My is
the nucleon mass, pT =(E',p'),q,=(w4,94), and q =(v,q), respectively, 8 is the electron
scattering angle defined by cos 19 =k-k'/|k||k’|. The other invariant kinematical
variables are v=p-q/My = E.— E!, the minus of photon mass squared Q?=-g¢?,
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p(p)

FIG. 1. Feynman diagram for the one-photon exchange eectroproduction of ¢ meson from the
proton.

the four-momentum transfer squared to the proton t=(p — p')?, the proton-virtual -photon
center-of-mass (CM) energy W2 =(p + ¢)?, and the total energy squared in the CM system
s=(p+k)>

In terms of the conventional T-matrix elements T';, we find the triple-differential
cross section of the ¢ eectroproduction in the laboratory frame in the form of

d3o WEE'wy 1 ===
5 |Ts]? (1)
dWdQdt = AMZE.|kllq| (27)3
where
dp,y dopr — 1
|Ts]? = /|Tfi12 %—%‘ and  |Tyl* = 7 %%ITJ‘:‘I?, (2)

with ¢, « the corresponding azimuthal angles.

The diffractive production has been widely used to describe the vector-meson photo-
production and electroproduction [8]. In the VDM of diffractive production process depicted
in Fig. 2(a), the virtual photon turns into ¢ meson which then scatters diffractively with the
proton through the exchange of a Pomeron. The triple-differential cross section predicted
by VDM is [7]

3 2

T - el - (@) 8
where the exponential slope b4 in ¢ production is determined from the experiment and
t-(QT) isthe possible maximum value of t(t is dways negative). The corresponding
double-differential cross section d2og;q/dWdQ? predicted by the VDM is given as

Loy
#;QHZ’: (2m)Tw(Q% W)oain(Q?, W), @
ran(@ W)= 22 B0 L Ry ep(-blt(@9)- HOD, ()

L+ (Q*/MP)? p3(Q%)
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FIG. 2. (a Diffractive ¢-meson production within vector meson dominance model by means of the
Pomeron exchange; (b) ss-knockout contribution to the electroproduction of & meson; (c)
uud-knockout contribution.

where Tw (Q?* W) is the flux of transverse virtual photons in the laboratory frame, My the
¢ mass and ¢ the virtual photon polarization parameter. The factor (1 + eRy) corrects for
the fact that photon has a longitudinal component for @Q# 0. The term pX(0)/p5(Q%),
where p;(Qz) is the virtual photon flux in the photon-hadron CM frame, accounts for
the Q2-dependence of this flux. o(0,W) is the observed photoproduction cross section.
The exponential factor arises from the fact that the physical range of t is reduced for
@Q? > 0. As in Refs. [7-10], we will work with the quantities with T'w (Q?, W) factored out
from the triple and double differential electroproduction cross sections, e.g., o(Q? W) =
(d*0/dWdQ?)/(2nTw (Q* W)).

Figure 2(b) corresponds to the process where an ss pair is directly knocked out by
the photon and Fig. 2(c) to the direct wud knockout. It is also possible that the system
would go through hadronic intermediate states like N and N* before ¢ meson is emitted.
Such processes may give important contributions and should be studied. Here we focus
only on the direct knockout mechanisms and leave the others for future study.

The knockout amplitude Ty; in the one photon exchange approximation may be
written in the most general form as
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(2m)*6(p + g — P/ — q4) T
(6)

N uy N
= (20)'5(p t q —p = go)(hslJHRe) gn (K |2k

where ( f|j,f'e|i)are the hadron and electron electromagnetic current matrix elements, re-
spectively. The electron matrix element is given by

re Me2 -e M€2 — /
(kll‘]u,k> = \/Ee T = \/ECE’ um’(k )e7uum(k) = q2Au7 (7)

where M. is the electron mass, u,,(k) the Dirac spinor for the electron (m denotes the
spin projection) normalized as #u = 1, and A, the Texternal T  electromagnetic field. The
hadron electromagnetic current matrix element depends on the model for the description
of the initial and final hadron states |h; ) and the form of the electromagnetic current
operator j[j. Here we approximate f"} to be the sum of one-body current which enables
one to represent the amplitude T; as

Ty =T§ + TH, (8)

where the first term describes the interaction of the electromagnetic field with the s and s
quarks, i.e.,, the s&cluster knockout, while the second one corresponds to the u&-knockout.

1. WAVE FUNCTIONS IN THE RHOM

Following Ref. [7] we write the constituent quark wave function of hadrons in the
Fock space as

|96} = I[s3]")

1 1 0L 1 11y L (9)
p) = Alluud]s) + B |aol{[uud)? @ [s3)°}3) + a1 [{[uud]? ® [s5]}7)],

where B? is the strangeness admixture of the proton and (a3,a?) are the spin-0 and spin-|
fraction of the s3, respectively. The superscripts (O, %, 1) represent the spin of each cluster.
Normalization of the proton wave function gives A%+ B? = a2 +a? = 1. It is supposed
that the quarks in clusters are in a relative Is-state with respect to the cluster CM. Parity
consideration requires that s3-cluster be in a relative p-wave w.r.t. the uud-cluster. Symbol
® in Eq. (9) means the vector addition of the spins of the wud and ss clusters and their
relative orbital angular momentum L (£= 1) in a proton. It is also assumed that each quark
cluster in Eg. (9) is described by the spin-flavor wave function combined with the totally
antisymmetric color SU(3) wave function to form a color singlet. The spatial structure of
the hadron is determined by the effective confining quark-quark interactions, which, in the

following, is approximated by the relativistic harmonic oscillator potential.
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The RHOM as first used in Ref. [12] for the study of the proton form factors, enables
one to take into account the Lorentz contraction effect of the composite particle wave
function. This essential relativistic effect becomes important at large Q2 and provides an
explanation of the dipole-like Q? dependence of the dastic nucleon form factor. Because of
this advantage, the RHOM has been widely used for the description of the hadron properties
at large momentum transfers [12-17], in spite of some inherent theoretical difficulties in the
model [13,18].

In RHOM, the spatia motion of a five-quark system is described by

5 5
<ZDi—H Z(zi—$1)2+Vo>‘I’=0, (10)
i=1 i#j=1

where « and Vy are the usual harmonic oscillator model parameters, and the four-vectors
squared are defined as z?=23— = and €l = 93~ V2 The equation can be diagonalized
using the relativistic Jacobian coordinates

1 1 1
SN x3 —221), &Z*‘ﬁ(xa*xzx Pr="J5 x5 7 xa)
5 (11)

2 3 1
_ : . X = — z;,
X = \/——15 (z1+ 22+ 23) —4/ 10 (z4 + z5), 75 tZ:

where the labels ¢ =1,2,3 refer to particles in the uud-cluster and : = 4,5 to the s&cluster.
In terms of the Jacobian coordinates, Eq. (10) becomes

Ox + ) (0, —wiv*) + Vo

v's

¥ =0, (12)

with w2 =5k and v = (&1, £2,p,X). In the rest frame p=(Mp,0), the ground state spatial
wave function in the RHOM can be written as

¥ = C—iMNXO/\/g‘IIint,/\(&l) 527 va) ) \Ilint,x\(p; £1a 62’ PaX) = H¢(p’ ’U) ? (13)
where
P(v) = (%) exp{—%wv(vg +U2)}, (v=~£1,62,p),

(14)
000 = (2 o] ~un 08+ 3]

and

1
Xo= Xz, X41 = ?7—2—(X1:iixy)a
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with A being the projection of the clustersT relative orbital angular momentum £ = 1.
The functions in Eg. (14) can be written covariantly in any arbitrary frame with
p = (E,,p) using the identity

—(vh + v?) = ? - ( %——;)2 (15)

Note that in the covariant wave function of a state with momentum p,, the argument of the
Hermite polynomia contains the component of the space-like four vector v, —(p-v/M%)p,.

With the spin-flavor degrees of freedom we can write the total intrinsic wave function
of a five-quark system as

1 : L
Pine,m; = Z <‘2—m,1/\‘]mj><]mj]s§m3§

1mj,A,
m',m,;

1 d 55
“'?“‘m.]>\yint,)\991gljm/@jn,mﬂ ’ (16)

where =1 and a; = J=. Here cpl%“,‘r‘i, and ¢%5, .., ae the spinflavor wave functions
of the uud- and s3-clusters, respectively. For simplicity we drop the color wave function.
Intrinsic wave function of the three-quark component in a proton as well as the diquark ¢
meson in the final state have the similar structures.

The next point to be considered is the hadron electromagnetic current. The RHOM
describes quarks as spinless particles. Therefore, the interaction of the quark spin with an
external electromagnetic field has to be introduced into the model by hand. We use the

following relativistic prescription for the electromagnetic current operator:

th _ 7h h
Sy = Jing T Imagu s (17)

min,u

where JjI,  comes from the usual gauge ¥minimal subgtitution®, p,— p,—eCA,,in the
relativistic €equation of motion (10), so that

Tiinn = Cng) > exlprub(z — z1) + 6(z — ox)prul s (18)
k=1

where n, is the number of quarks, and the constant C' is determined by the normalization
condition for elastic scattering hadronic current; i.e., J&(q)— easq— 0. It gives C(n,) =
ng/2Mpy. The second term in Eqg. (17) concerns with the interaction of the quark spins
with the external electromagnetic field and has the similar form in both the relativistic and
NR models as

Tiq
iho : NS A 19
Jmag,u - (O’ zk;ekl‘tk 6(‘1’ lk) 21\/[]\[ ) ’ ( )

where the magnetic moments ;s are chosen to be the same as in the NRQM [7], namely,
Pud = p=3 and ps = My/M,~1.88, where A, is the s-quark mass.
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IV. THE AMPLITUDES

Given the proton wavefunction and the electromagnetic current, one can evaluate the
T-matrix for the ¢ meson electroproduction. For the s§ knockout process, the amplitude
reads

s5 _° * /1 1 s3 iesﬂs
T = 24 Ba0<—2—mf1/\(5m;>1,\ —QM—N[q X A, ~ (20)

where my is the spin projection in z-direction of the outgoing ¢ and I3$* is given as

(27x)46(p+q—p' — q4)I5°

= /dzl ...dxse—"q'“\p;,(zl,z2,z3)‘1/;¢(x4,x5)‘11p,,\($1, S Ts), .
which leads to
I§F = T Fosthosa(#) (22)
with
7 = [ dad ey 6, Q) 6, 6),
Fis = / dpe =21V (g43 )05 (pi ) (23)

S

Note that Fy; depends not only on ¢2(Q?% W) but also on t, because the intrinsic wave
function depends on g4. I'** also depends on ¢ through the p’-dependence of the intrinsic
uud cluster wave function in the final state.

From Eq. (20), the spin-averaged amplitude squared is obtained as
2

— |2 () Sl
|T;f2 — ‘—:;ABanggrssVSE(pl) Ql;

where ff¥ = Q2/4M} and f3° = ¢*/2M%. The momentum distribution V(p’) is related to
the momentum distribution of the outgoing proton:

Vs = 5 Y lus )l (25)
A

cos? %{ 55+ f3% tan® —g—} , (24)

Note that the normalization of |V (p')|? is different from the NR one because of the different
normalization of the intrinsic spatial wave functions and the additional integration over the
time variable in the RHOM [19]. In the NR case we have the usual physical normalization,
i.e., one baryon number per unit volume. We keep this normalization in the relativistic
case by renormalizing V — V = const. x V with
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(2 )3 =1.

The final form of the distribution |V,3|? is

1 B 2 _ v,5(P)
(27)3 [Vss(p)|” = ——f dpvss(p)

5
vs(p) =p e><P{—“3T(P2 — dsMny/p? + Mj%/’)} ,
X

with ds3 = 3/5, which approaches the NRQM results for p? < M% and w, =
Similarly, we obtain the amplitude of the uud knockout as

T“i“d_ ABa1 Z< —m'1
m’ A

. 1
]m1><]m]~1m¢‘§m,~>

qud< wud I}*uudl(puud >A“ ,
m’

1359
(26)
(27)
108 1),
(28)

where the overlap integral I¥*¢ can be obtained from Eq. (21) by substituting =, for z4.

This gives I3 = T4 F, 11,.41(gs) With

re = [ &pialasi o0 wi0)

Frug = / di61d eV (gt e e sl (eg) 65

Vuud A (9) = /d4Xe_i(\/5/69¢—\/2/15p)'x1/)A(p;X).
The four-vector operator f;‘“d reads
Fud = (Fo, Fy+ F1),

where

E -
fo:efoze%<1+—3‘i),

My
_ .9 _ 5(2p'-q - ¢* 4+ 2vq*/E)
Fi=ehgz, A= 6 M )
e eSpsmﬁpq( +ysing') 4 W (o x q)
=€/ n 1
L a0y (Eeose'+Ysing oMy 7 T

(29)

(30)

(31)

with ' the azimuthal angle of g,. f;‘“d is not gauge invariant and gives wrong results at

small Q?. We amend it with the following gauge invariant modification:

Fuud = (Fo, Fy+ F1),  with %'”:efo%‘j—.

(32)
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It leads to

2

€
| uud!? = IABalFuudIguquud(Q¢)a—2—

where V.4 has the same form as Eq. (27) with the substitution dss— dyud = 2, and f1,2
are

2 2 4 uud uud 2 4
cos” = + f3*% tan 5[ (33)

1R

uu fO Q
pex (e amy) [ S L gy,

3~ pPq?/aMy .

(34)

We see that in the RHOM the dominant contribution to the matrix element for the uud-
knockout comes from the magnetic part of the hadronic current. This explains the successes
of some caculations on hadron form factors that use the non-relativistic structure of the
quark current operator with the proper form of its magnetic part.

Similarly to the previous cases we find the interference term as

i = |AB[?agay Soes S | dF T TV (g Ve P <08 Oy

0 (35)
, 0 g
-Cjnt COS —é-{ f2 tan? 5} s

where ¢~ 0.7, numericaly.

The main difference between the non-relativistic results of Ref. {7] and the relativitic
ones comes from the different expressions for the overlap integrals Foua, Fos, T**¢, and T'*%.
In the evaluation of overlap integras, we a$ume that the osciIIanr parameters wis are the

effective ones, and take we; = we;=7;2 and wyi = w, 5 = 3772, The resulting overlap

integrals are

t \7? raqt }
2y (. - —-£ 36
M. 3595
Fs§(qgvt): (Z—:—> exp{-_ 6 ? (37)
et _ Mo I = (1 S )_2 (38)
we 2M% ’
where
— 2 2 12

2 _ QElfn‘/ 2 _Pl —qqﬁ) 2 tq 2( P qq&) 39
aq =49 E/ +v 1 E'y " Q2 _ 2MNW¢> 1 + w¢1/ ( )
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From Egs. (36)-(38),itis apparent that (i) the overlap integrals I'**¢ and I'** are
smaller than 1 over the entire range oft as in the NRQM and I'** decreases with increasing
—t while I'“*¢ increases. This brings some suppression of the RHOM amplitudes; (ii) the
overlap integrals F,,; and F,; depend on the effective momentum transfers ¢2’s, which are
functions of t at fixed Q2 and W. It can be seen from Eq. (39) that ¢? < ¢? at t ~ tmin
and ¢2 < q? at t ~ tmax, Which leads to the strong enhancement of the RHOM results in
comparison with the NRQM ones.

V. RESULTS AND DISCUSSIONS

We fix the model parameters as follows. dimensional parameter rf, is chosen to

reproduce the empirical proton (uud) magnetic form factor up to Q2= 10 GeV?, which
leads to rp:r;"P/::O.53 fm, and, using the experimental value of rg"P(:O.83 fm), the scale
factor is fixed as ¢ = 1.566. It is interesting to note that numerically this factor is very close
to the scale factor ¢ = 1.5 used in the NRQM calculation [7]. Parameter 74 is chosen to be
Tes = T/c ad ry, = 0.45 fm, with the same scale factor as for the uwud cluster. Parameter
w, is determined for the distribution V(p) to reduce to that of the NRQM at |p|— 0. The
strangeness probability is taken to be B? = 0.02 assuming that a2 = a?.

Displayed in Figs. 3-5 are the RHOM predictions. For comparison, we show both rel-
aivistic and NRQM predictions of the @2 dependence of a(Q2%,W)[19] in Fig. 3. Here, the
VDM cross section is given by solid line and the RHOM predictions on the ss-knockout, wud-
knockout, and the interference are by long-dashed, dash-triple-dotted, and dash-double-
dotted lines, respectively, whereas those for the NRQM by dotted, dashed, and dash-dotted
lines, respectively. We find that at large transfer momentum, i.e., Q%> 05 GeV?, the
RHOM prediction exceeds the NROM result and the difference reaches several orders of
magnitude. This is mainly due to the new functional dependence of the overlap integrals
Fuuqd ad Fs; in the RHOM. The Trdativistic modification® of form factors is more crucial
for Fuwg than for F,s; because the dimensional parameter - in Eq. (36) is larger than that
of Eq. (37). Only at small values of Q?, the RHOM result for s5 knockout is comparable or
even smaller than that of the NRQM prediction. In this region the effect of enhancement
in the form factor F,s is smaller than the effect of suppression in the overlap integral T'*%,
as was discussed above. In addition, we find that the ss knockout prevail over the uud
knockout at finite values of Q> and that the interference term i

In Figs. 4-5 we present the t-dependence of the cross section. At Q* = 0.02 GeV?
(Fig. 4 RHOM predicts strong enhancement of the uud knockout (dotted line), while the
85 knockout (dashed line) is smaller than that of NRQM. This is due to the suppression of
I'*S, which increases with increasing —t. Therefore, at large —t the uud knockout gives the
dominant contribution. The interference term (dash-dotted line) is still negligible. At

S

small.
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FIG. 3. The @Q%é pndence of the virtual photoproduction cross section, o(Q?%, W) with W=2.1
GeV in RHOM and in NRQM. The curves are as follows. The diffractive cross sec-
tion - solid line;, RHOM: s5 knockout cross section — long dashed line, uud knockout ~
dash-dotted-dotted-dotted line, interference term - dash-dotted-dotted line; NRQM: s3
knockout cross section - dotted line, uud knockout - dashed line, interference term —
dash-dotted line.

Q%= 1GeV? (Fig. 5) the diffractive production (solid line) and s&knockout are close to
each other whereas uud-knockout dominates at large —t. The contribution of the interfer-
ence term to the total knockout cross section is not important. We find that the interference
term gives no more than 10-15% correction to the total cross section.

By analyzing the cross sections, we conclude that the knockout contribution is com-
parable to the diffractive VDM ¢ meson production even with 1-2% strangeness probability
in proton. Note that this result arises mainly from the Lorentz contraction effect and is not
sensitive to the expressions of hadron electromagnetic current in the relativistic model.
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FIG. 4. The t-dependence of the virtual photoproduction cross section o(Q?%,W,t) with W=2.1
GeV and Q? = 0.02 GeV? in RHOM. The curves are as follows. The diffractive cross
section - solid line; ss knockout - dashed line; uud knockout — dotted line; interference
term - dash-dotted line.

Vi. SUMMARY

In summary, we re-estimate the electroproduction of the &meson from proton within
the uud-s3 cluster model. Our calculation is based on the RHOM which takes into account
the main relativistic effect, namely, the Lorentz contraction of the composite particle wave’
function. Our results strongly support the proposal of Henley et al.[7], i.e, to use the
electro- and photo-production of ¢-meson for probing the ss content of the nucleon. Even
with only 2% admixture of strange quarks, the RHOM predicts that the direct knock-
out mechanisms give comparable contribution to the diffractive production. The strong
difference found in the t-dependence of the s3- and uwud-knockout cross sections could be
useful for testing the s3-uud cluster model of the proton and it can be checked in future
experiments at CEBAFL.
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FIG. 5. The t-dependence of the virtual photoproduction cross section o(Q? W,t) with W=2.1
GeV and Q% = 1.0 GeV? in RHOM. Notation is the same as in Fig. 4.
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