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Flavor asymmetry of the nucleon sea
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Adelaide, Adelaide, S.A. 5005, Australia
(Received 12 August 1996

We reexamine the effects of antisymmetry on the antiquarks in the nucleon sea arising from gluon exchange
and pion exchange between confined quarks. While the effect is primarily to suppress down relative to up
antiquarks, this is numerically insignificant for the pion terff@0556-281®87)04802-4

PACS numbeps): 24.85+p, 11.30.Hv, 12.39.Ba, 13.60.Hb

I. INTRODUCTION 1 _

f dxu(x)—d(x)]=—0.147+0.039. 3
Since the precise measurement of the Gottfried sum rule °

[1] by the New Muon CollaboratiofNMC) [2] in 1991, the

possibility thatu(x)#d(x) in the proton has been exten- . Ty
sively studied. The reason for this attention is that, in theTheoretmaIIy, there has been some indicationuférd since

quark-parton model, the Gottfried sum rule is expressed asiNe Work of Field and Feynmdss], where the Pauli principle
was invoked to justify thatiu pair creation is suppressed
1 n dx 1 21__ — relative to dd. Later, Ito et al. [6] measured continuum
Se= fo [F500 - FZ(X)]Y: 3 + §fo [uC)—d(x)], dimuon production and determined the sea quark distribution
) in the context of the Drell-Yan description of dilepton pro-
duction. From an analysis of the logarithmic derivative of the
where charge symmetry between the proton and the neutrqfjeasured cross section, they inferred that the Drell-Yan
was used. If S(P) flavor symmetryu=d is also assumed, model, assuming a symmetric sea, underestimated the mea-
S is reduced to 1/3. sured slope. This fact was interpreted as an indication of
In order to test the Gottf_ried sum rule experime_ntally, theproken symmetry in the sea, with<d. Somewhat later,
NMC [2] performed deep inelastic muon scattering on Ny-rp,maq7] following Sullivan's suggestiofg] that the pion

drogen aqd deu_terlum and measured the deuteron/proto&oud can contribute to the nucleon structure function, real-
cross-section ratio. To extract the proton and neutron struc-

ture functions, they used the simple relatiBB(x) — E3(x) ized that pion dEssw_]g _of the nucleon .naturally predicts an
P Nroy _ ored n P n excess ofd overu. This is because, for instance, the proton
FB(x) — F3(x) = 2FS()[1 — F3(x)/FB(x)1/[1+F3(x)/ » - 0
5 . n P b . has a greater probability to emit7a” than am” ora=z . In
F2()], with F3(x)/F5(x) =2F5(x)/F5(x) ~ 1. A parametri- fact, this observation was uséd] to interpret the results of
zation[2,3] for F5(x) based on NMC, SLAC, and BCDMS '

data was used. The NMC reported the following value forlto et al. on dilepton production. Since then, the idea of pions
the Gottfried sdm rule: producing an asymmetric sea has been widely explptéf

as a possible interpretation of the NMC results. Further theo-

Se(0.004<x<0.8)=0.221+0.00§ stah + 0.019 sys?, retical evidence for asymmetry in the sea was found in the
calculation of quark distributions of Signal and Thonha$].
Sg=0.235+0.026, (2)  The matrix elements of the quark distribution involve inter-

mediate states where the photon scatters on a valence quark
where the contribution fox>0.8 was estimated using a and also intermediate states where the photon oscillates into
smooth extrapolation d5/F5 and for the regiox<<0.004 a  aqq pair and a quark or antiquark is inserted in the nucleon.
Regge-like behavior gx° with a=0.2+0.03 and Again, following the idea of Field and Feynman, it is easier
b=0.59+0.06) was assumed. It is worth noticing that in theto insert ad than au quark into the proton.
extraction ofF5/F5, target mass corrections and nuclear ef- Even with all this evidence, until the NMC experiment,
fects were not included; nor were higher twist correctionsthe nucleon continued to be seen as having a symmetric sea.
included in the sum rule as a whole. However, a detailedrhere is a simple explanation for this. The whole set of data
examination of binding, shadowing, and meson exchang@vailable could be described by parametrizations of parton
(antishadowinycorrectiond 4| does not greatly change their distributions where it was assumed thigk) =d(x), with the
conclusions. price of a slightly odd behavior of the valence quark distri-
The experimental result from the NMC yields bution whenx—0 [12]. Along this line of thought, it was
also proposed that the NMC result could still be reproduced
with flavor and charge symmetry but with a modified behav-
*Current address: Instituto de Fisica da Universidade de Saior for F,(x) at small x, in such way that the integral
Paulo, P. O. Box 66318, 8&Paulo 05315 970, SP, Brazil. [FB(x)—F35(x)]/x saturates the naive expectation 113].
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However, the NA51 Collaboratiofil4] recently carried out one valencel quark. Its color, flavor, and spin wave function
an experiment proposed by Ellis and Stirliftp] to distin- is given by
guish between a symmetry-breaking effect and an odd small

x behavior of the parton distributions. The NA51 results in- 1 Byt +

dicate a strong flavor symmetry breakingat 0.18, thus |p>0_\/?36 [b'(u,T,@)b'(d,],B)

reinforcing the idea that the sea is indeed flavor asymmetric.

In a recent reanalysigl6] of the NA51 result, this conclu- —b'(u,|,@)b"(d,1,8)1b"(u,7,9)[0). (4

sion was reinforced, although the exact size of the flavor
asymmetry is dependent on the extent of the charge symmdhe sea quarks are generated through a quark gluon interac-
try breaking between the proton and the neutron. Finallyfion given by
calculations based on meson cloud mod&[g are also able \2
to produce an asymmetry compatible with what is measured N a
byr'zhe NASL collaboration. HI00 =89 00 v ()AL, ®

We then see that the Pauli principle and pion dressing of ) ) )
the nucleon are two powerful tools to understand flavor symwhereg is the coupling constang® are the gluon fields, and
metry breaking. If a bare proton is seen as having three va/ the quark field. We are not going to worry about the form
lence quarks, two up and one down, then all the antiquark8f the spatial part of these operators but will concentrate oqu
have their origin in gluonic and/or pionic effects. For in- on the color, spin, and flavor parts of the proton dressed with
stance, pair creation through gluon emission of one of thé quark-antiquark pair:
valence quarks will produce an intermediate state of four
qgarks anq one antiquark. The flavor of the antiquark i§ cer- Ip)=|p)o+ i H, _1 Hip)o+ - - -, (6)
tainly restricted by the valence structure of the proton via the Eo—Ho 'Eo—Hp
Pauli principle. However, one should also account for the o )
antisymmetrization between the various quarks. In this cas@Vith Ho the free Hamiltonian(Note that we have omitted
the valence structure will also interfere in the number ofth€ term corresponding to a single gluon with the three va-
antiquarks created. In order to understand the interplay dENCce quarks. ,
these effects, we study in some detail the relation between 1h€ Vector coupling between quarks and gluons allows

the Pauli principle and quark antisymmetrization in pair cre-for Vertices where the quark that emits the gluon either
ation inside a nucleon. changes its spin or not. Another feature of the pair creation

In the pionic case the same reasoning applies. Of cours@rOcess is t_hat, since a particle has opposite_ intrinsic parity to
the pion is complicated by the fact that it is a pseudo-2n antiparticle, at least one quaftr the antiquark or the
Goldstone boson. Thus its internal structure will be quitetWo guarks and the antiquark have to be in a state of odd
complicated, and the probability to find justgag pair with parity in order 'go conserve the parity of the proton. The pro-
the quark in a & state would be expected to low. As anti- 10N wave function is then written as
symmetrization with the valence quarks in the nucleon will
o)r/ﬂy effect quarks in the istate(gf the nucleon bagwe [P)=P)o+ Cdl )+ Col ), @

expect that antisymmetry should have a rather small effecjth |y, ) the wave function for the case where the quark that
on _pio_n loops. Nev_ertheless: it is important to quantify thisgmits the gluon can change its spin dgd) the wave func-
prejudice and that is the main purpose of the present calCyion for the case that the quark emitting the gluon does not
lation. change its spin. The facto@, and C, depend on the par-
ticular form for the spatial wave functions, according to Eq.
Il. PAULI PRINCIPLE IN THE PROTON SEA (6). We then have

The most natural idea to account for the observed discrep- (p|p) = 1+|Cg|%( | ths) +|C, |, | ,) + CEC (Wl )
ancy between theory and experiment is to invoke the Pauli
principle. Field and Feynmaf5] were the first ones to use +Cy C(t,| ). 8
this idea: If the proton is composed of two valencguarks o ) o
and one valencal quark, then the creation of a quark- The wave function involved in the vector coupling is calcu-
antiquark pair through gluon emission will tend to give morelated from Eqs(5) and (6):
dd pairs thanuu pairs. This is easy to understand because —(_ 1\ -1zt | ya qtra = =\t
there are five empty states for tdequark and four for the 92 =(=1) bi(s:n.p) ok 5d (S~ p)b(v,M, )

u quark. Although this idea is attractive and essentially cor- X o Tn’\a~b(5 M §)|D>o

rect, there is one other effect to consider. We will see that we mmeoeTh T

also have to consider graphs containing interference between (— 1)5—1/2 L aa

the sea quarks generated in the gluon emission and the re- = ——=—0,z0 A o5\ 55 {€P(S5u85.A
maining quarks in the nucleon. This effect will, in fact, hide V18

the excess ofl overu due to the Pauli principle. - 5Ed57wBT+ 5;u557(;1‘)|0>}, (9)

To illustrate our discussion, we begin by reviewing the
pair creation through gluon exchange, following the calculaswhereo! are the Pauli spin matrices? are the Gell-Mann
tions of Donoghue and Golowidi 8]. The assumption made color matrices, and the spin and flavor indices are summed.
is that the bare proton is composed of two valenaguarks, We also have
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TABLE I. Amplitudes of probabilities to find a quark in the sea for the various possible states of the sea
quark and the valence quark that emits the gluon. These probabilities are based only on the spin-flavor-color
wave function.

State (sl ps) (ol ) (lr)
v=s=g 0 4608+17925,,— 102464 0
v=g, S#¥g 0 4608 0
v#g, s=g 1152 + 6408,,+ 3205,y  3456+12805,,—3205,,  —3200,,— 6405,
v=s#g 1152 + 1285,,+ 645 3456- 3846, ,— 1925, 3845+ 19254
v#S, v#¥0, SF¥J 1152 3456 0
A'=b'(s,n,p)d'(s,—7,p)[b'(v,m,8)b'(d,|,B) S seen from Table I. In Fig. 1 we show the graphs containing
uu pairs and in Fig. 2 the graphs containidg pairs.
_pt t _ 1ht S ¢
b'(v,m,8)b'(d,1,8) 87 1b'(u,1,7), Diagrams(a), (c), and(d) for uu are the analogs of dia-
Bf=b(s,n,p)d"(s,—7,p)[b(v,m, &b (u,1,a) 5 grams(a), (c), and(d) for d. Their values are, respectively,
n Y Y HEom the same because the created sea does not mix with the va-
—b'(v,m,8)b(u,|,a) 5z 10"(u,1,7), lence quarks and, for this reason, it is not possible to distin-
o guish the sea flavor. Thus, in the case where the sea contracts
Ct=b'(s,n,p)d’(s,—n,p)bT(v,m, ) with itself, the values of these graphs are the same for any

+ + t i flavor. Of course, the heavier the quark, the smaller its con-
X [ (u,T,2)b'(d, |, B)=b'(u,],@)b(d,T,8)]. tribution through these diagrams, but this is an effect related
(10) solely to mass and not to spin statistics. The computed value
is (ishs)=384 for (a), (s ys)=128 for (c), and
For the scalar coupling the wave function is the same exceRfy| ;) =64 for (d). Diagram(b) for u is the analog of dia-
that the Pauli spin matrices are omitted anen, m=m. gram(b) for d and they only exist whenu anddd pairs are
The calculation of the wave function overlap is very long created. Their values atel| i) = 4 x 160/3 for(b) of Fig. 1
and tedious. The results are displayed in Table I, where and( | <) = 6 X 160/3 for(b) of Fig. 2. Generally speaking,
refers to the state of the valence quark after the gluon emishe set of diagrams just mentioned are the only ones which
sion, s corresponds to the state where the quark in the sea igre comparable. From them, one easily sees the Pauli prin-
created, andj refers to the ground state. Notice that there isciple in action and from it an excess dfoveru as expected.
no interference between the second and third lines of thﬁowever, we also have to include graglsand (f) of Fig. 1
table because of angular momentum conservation. These cgl;, U. They appear because there is an excess dlence

culations agree with the results of Donoghue and Golowichy, o\ 4 valence quarks. If graph®) and (f) are included, as

18].

[ 1]'he 'most striking result to. be read from Table | is that theg;sg sgngJiL?VZe,Ctgr?tr;iéﬁfigiz?girl;glggz%ec%l:s?e';he:rt]adgraphs
probability to find the sea with au pair is bigger than the () =2% 160/3 for (f). With these graphs included the
sea composed ofad pair. This conclusion is the opposite of prophability to find au antiquark in the proton is larger than

the experlmenta! result coIIec_ted by the NNIZ] where the the probability to find a in the same proton.

measured Gottfried sum rule is smaller than 1/3, aresultthat .o ~5.1d doubt this interpretation of the relation be-

impliesd>u. How can we then understand that the intrinsicyyeen the Pauli principle and antisymmetrization effects if
sea in the proton generated by gluons faverspairs over  gne were to count only those graphs whexguark emits a
dd pairs? In principle, this result also contradicts the intui-gluon. In this case, wheredaquark emits a gluon, we would
tive picture introduced by Field and Feynmigh], based on  have six empty states for @ quark and only four empty
the Pauli principle. For each flavor there are six empty statestates for theu quark (if the sea is created in the ground
(two from spin and three from colprAs the bare proton has statg. On the other hand, from Fig. 1 we see that graftiis
two u quarks and oné quark, there are four available states (c), and (d) [also graph(f) if we include the one coming
for insertion ofu quarks and five available states for inser- exclusively from the excess afi valence quarksgive a
tion of d quarks. Although this reasoning is correct, one alsdarger contribution than the corresponding graffisand (d)
cannot forget that antisymmetrization between quarks is aef Fig. 2. As graphgb), (c), and(d), in principle, are not
additional complication. The same excess wfvalence related to the excess afvalence quarks, there is an apparent
quarks that preventsiu pair creation in comparison with contradiction with the simple counting of states and the
dd pair creation also produces extra contributions because afhole argument of the role of the interference graphs pre-
antisymmetrization between thequarks that does not exist sented by us before. In reality, this contradiction is only ap-
for the d quarks. parent.

To understand this effect in more detail, we consider the To better understand what is happening, consider a proton
case where the quark that emits the gluon does not change itsade of only onal and oned quark. We consider again the
spin but goes to an excited state and the sea is created in thase where the quark that emits the gluon goes to an excited
ground state or in & state, according to parity conservation. state. In this case, if d quark emits a gluon, we would have
This case was chosen because it is the simplest, as can leprinciple six empty states for the insertion ofdaquark
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u u u
u u u u u u
d d u u u u
@ ®) : ©

@ ' © ®

FIG. 1. Graphs containingiu pairs in the case where the valence quark emitting the virtual gluon goes to an excited.state
S=g,v#0).

and five for the insertion of & quark. The possible graphs case of add sea. The opposite situation happens when the
would be the analog db) and(c) from Fig. 1 forauuinthe  y quark emits the gluon such that the sum of all diagrams,
sea and the analog of grapt) from Fig. 2 for add in the  gluon emission fromu and d valence quarks, renders an
sea. Again, we would have motes pairs thandd pairs and  equal probability for aru anddd pair creation, as expected
now it is clear why that happens: This is because there is oni@ a proton containing only one quark of each flavor. The
free valenceu quark that can be exchanged with the sea andesson is that we cannot treat the gluon emission in the pro-
there is no such free valendequark to be exchangeth the  ton from different flavors separately, and expect the Pauli

(@) ®) ©

@

FIG. 2. Graphs containin@?pairs, in the case where the valence quark emitting the virtual gluon goes to an excited.state
s=g,v#0).
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principle to work free of any other effects. o Q
For the combined result, the probability to finduais AN S/ \
larger than the probability to find & One then can say that ! | / \
interference terms overcome the naive expectation of the
Pauli principle. This result is extremely important because it
also says that if we have to antisymmetrize the sea quarks

with valence quarks in the case where the sea quarks are @ ()

generated through pions, then the whole set of conclusions

about the importance of the pions to the Gottfried sum rule FIG. 3. The one- and two-loop graphs involved in pion emis-
might need to be revised. In Sec. Il we investigate whethef!on.

this is in fact the case.

[20-22, where the interaction is totally specified by chiral

symmetry:
A. Discussion of the role of antisymmetry
Before discussing pions it is of interest to relate the find- 3 _
Hi=57 | d XY(X)ys7 $(X) ¢ 8(r —R), (11

ings which we have just reported to a similar issue in lattice

QCD. Figures 2a), 2(c), and 2d) are a very simple example

of the class of diagrams known in lattice QCD as discon-with R the bag radius and
nected insertionéDI’'s) [19]. While the DI's in lattice calcu-

lations include an infinite number of gluon exchanges, the N 1 dk T
simple example which we have just presented illustrates an ~ $(X)= (ZW)Z/af Zo )1/2(ake +age ),
important principal. The intermediatey4states in Figs. @),
2(c), and Zd) are unphysical in the sense that their wave ij (@l /R)
function is not totally antisymmetric. Only when the ex- s = N 0

change process, shown in Figb® is included do we havea ¥ (X)= (47)1/?E —jy(wr/R)g-T | XmP(f,m,a)
physically meaningful result. Within lattice terminology the
latter are connected insertiof8l's). Thus we find that nei-
ther the CI's, nor the DI's are physically meaningful alone. +
This must be taken into account when one is trying to inter- + jo(wr/R) xmd'(f,ma)
pret the physical mechanisms behind lattice results for flavor

breaking in the nucleon sea, thecommutator, and so on.

—ij(0r/R)o-1

i N ij(wl/R)a-T
lll. ANTISYMMETRIZATION OF THE QUARKS P P(x)= (am jo(wr/R) | XmP(f,ma)
OF THE PION
We now wish to investigate the effect of antisymmetriza- ijo(wr/R)
tion on the internal structure of the pion. As already noted in + i(wrR)G-F ud (F,m, @) { . (12)

the Introduction, the piofas a pseudo-Goldstone bo%as
expected to have a complicated internal structure. The effect
of antisymmetrization on this internal structure can only af-HereN?= w3/[ 2R3(w—1)sirfw], w is the frequency associ-
fect components of the wave function where a quark is in theyted with a given principal quantum number and orbital an-
1s state of the nucleon bag. We consider the case where thglar momentum, ang}, andj; are Bessel functions subject
pion couples to just ong-q pair with the extra quark in the to the conditionj,=j, at the bag surface,=R. We wrote
1s state. In order to estimate the amplltude for this five- -the exp||c|t forms for thes andp waves for a quark inside a
quark configuration we use the cloudy bag model in whichcavity because they are going to be used later on.
the pion-quark coupling is dictated by chiral symmetry. Mo-  Three vertices are relevant to our diagrams:
tivated by the findings in the gluon case, we wish to checly— 7q, 7—qq, and 0—7qq. As in the gluon case, there
whether theu antiquark is favored over the antiquark. If — are some restrictions due to the conservation of parity that
this turns out to be true, the asymmetry in favordoffrom  can be helpful. As is well known, for fermions a particle has
the processi—d=*) overu (fromd—u=~) may be atrisk. opposite intrinsic parity to the antiparticle. By convention, a
The relevant diagram to study antisymmetrization in rela-particle has parity+ 1 and an antiparticle parity-1. Also,
tion to the pion cloud is the one shown in Fighg involv-  the parity of one particle relative to a set of others particles is
ing two loops. However, we will be mainly interested in the given by (—1)", with | the orbital angular momentum of the
relative importance of the two-loop process in comparisorparticle in question. Ifq has parity—1, then one of the
with that involving only one loop. To this end we also needquarks(or the same antiquarkas to be in astate=1, ora
to compute diagranfe) of Fig. 3, which we do as a warm-up p wave, so that the proton parity is conserved. In general, the
exercise. The calculations are going to be done at the quadystem must always be in a state of even parity.
level (g— q), which means that we need an interaction We now write down the explicit form for the interaction
Hamiltonian between quarks and pions. To fix the calculaHamiltonian for both vertices. It happens that their form,
tion in a specific scheme, we shall use the interaction bebesides the creation operator for a quark or for an antiquark,
tween quarks and pions as given by the cloudy bag modet the same for both processgs- 7q and 0— 7qQ:
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s s

T of fot
HA —7d —pHO0—7a'q w W
I I /,/<w" <wp
3 i wlw® d3k Wo W Wo W
- 2f(2m) ¥ (0*-1)(0"-1)] ) (2w
j1(kR) ® ®

XXI#;"ZX%W

FIG. 4. The two-loop graph in time order.

xbl(f,ma)rs s+~ L al (13
' where we used Eo—Ho)(H,|p)o) =[Eo— (Eo

For the caser— qq the interaction is just slightly different: ;“’k)](H'|p>0)' The probability to find a pion is then given
y

Hﬂ__)qfa’f‘_ =i wlwP f d3k b _ H 1 1 H
| _Zf(277)3/2 (wa_ 1)(wb_1) (Zwk)1/2 T O<p| IEO_HO EO_HO I|p>0
- - J1(kR) T w?  [=k*k j3(kR) o~
X T ~ T — f T Q!
XmO ka KR b (f,m,a’) 6f2(27T)3 (w_l)z o wi (kR)20<p|b (U ,m (S)
x 7d' (.M @)ay. (14 X7k, ok, b(v’,m’,8)bY (0, m, 8)
In expression13) and(14) the indicesa andb refer to the X TL;UL]ﬁb(;,m,s)|p>o. (16)

spatial wave functions of the quarks and/or antiquarks in- ) )
volved in a specific reaction. After some calculation, the expectation value between bare

Once we have the interaction Hamiltonian, it is easy toProton states is found to be 57. In terms of the pion compo-

calculate the quantities in which we are interested. As anl€nts, this result reads §226.++195,0+165,-. This
nounced, we first calculate the probability to find a pion ineans that, as expected, the probability to find & the
the nucleon. To be specific, we set w®= o in Eq. (13, Nucleon is larger than to find a. Using the identity

which means that the quark remains in the ground state aftét/f (0 —1)=v4718f ;yn/5m,, wherem, is the physical
it emits the pion. In this case we get pion mass and .y the pion nucleon nucleon coupling con-

stant, expressiofil6) is rewritten as

L o= w ¢’k 1 57( a2 3 [#k4dk [ 3j1(KR)|2
Ep—Ho 707 2f2m % (0= 1)) 2w)™ =~y Pr=25\m, ;fo kR @D
- - J1(kR i - -
t _ t The next step is the evaluation of the two-loop graph. Its
X -k b'(v,m, L ; o
XmT EXE YR (v.m,a) calculation is a straightforward application of E¢8), (13),
et and (14). We start with graph@a) of Fig. 4. The process is
X 7 (7, M, a)al|p) 15 on Wi @A
Ty Rv. M, )3, [P)o, pion creation with subsequent decay intga pair:

1 — 1
m™—qq__ q—mq
EO_HO | EO_HOHI |p>0

1 wiwowoP R R
- o fd3k'fd3k
(26)%(2m)° V (ws—1)(wo— 1) (0°—1)(wP—1) (2w 2w )? wg— wi— Rwy wog— wi— wS— wP

- ., hh(K'R) e e o $akR) o
X Xho K X g DT (80,0) Thd BT p)ag xho - Ky~ b (0.M,8) 7,5b(3 ., 9)ag | p)o- (18)

The energies of the intermediate states are clearly indicated in the figure. The notation is the folloyisugd w; are,
respectively, the quark frequencies before and after pion emission or absorptiom®amud P are, respectively, the

frequencies of the-wave quark and of thp-wave antiquark. o
Similarly to case(a), we calculate the contribution from gragh), where a pion and gq pair are created and the pion is

subsequently absorbed by a quark:
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1 _
qm—q 0—mqq
EO_HOHl EO_HOHI |p>0

1 wiwow oP R R
= - fd3k'fd3k
(26)%(2m)° V(05— 1)(wo— 1) (03— 1) (wP—1) 2w 20) Y wg— wi— 03— 0P — 05— wP— Rwy

- =, k'R - j1i(kR) - ~ -
o k R bT(v n, 6)7 b(v n 6)ak1Xmo- ka kR bT(Svmrp)TLEdTG!mup)aEJ|p>0' (19)

The total amplitude for the two-loop process is then given by the sum of gfaphad(b). To better deal with this sum, we
rewrite the product of operators in E.9) as

b'(v,n,8) 7 =b(T,A,8)ay,bl(s,m,p) r=d'(5,M,p)a) g

+5055nm55pb (v,n,d) Tvasng@,'rﬁ,p)a:z,alz' (20
We then useak,ak’|0> 81 8(k' —K)|0) to write the sum of graph&) and (b) as
1 1 1 —
’Tr*)qq q—7q qmr—q__ —  40—-mqq
EO_HOH EO_HOHI |p>0+ _HOHI EO_HOHI |p>0
1 \/ w100 wP f 137 K0 K T (KR R?
—(2H)2%2m)° V(wi— 1) (we— D) (03— 1)(wP—1) 2wy (kR)? wg— wi— 05— wP
X ! + )b (s,n,p)7d" (57, p)bT(v,m,6) 7 -b(T,M, 5)
wo—wi—Rw, —o0°—oP—Re Y s,
1 t
+m5’as5nm5apb (v,0,8) 7 =7=d"(5,M,p) { |P)o- (21)

We are now ready to compute the probabikty4to find aqq pair in the nucleon. It is given by the square of the amplitude
(21):

e et s
(of

”qqt((zmz(zﬂv)?‘ —1)(wo—1)(0*-1)(0P-1)\ 3| Jo 20 (KR)?

Xfwk"‘dk’ j2(K'R) R? 2 1 . 1
0 2w (K'R)? | wp— wf— wS— P wo— wi— Ry  — 0°—0’—Roy

1 1
T ’ ,
X o) _ka, + —wS— wP—Rw ’> 0<p|b (U 5 )T ’ /(Tm m/b(v m 5 d(v ,p )
X 75,05, b(v',m', 8" )b (s,n,p) ot =d"(E,7,p)bT(v,m, 8) =0 ~b(T, T, 8)|p)o
1 1 J
* — 0°— 0P~ Ry —0°— oP—Roy ofPld(S".M",p") 75, S’T’ O m’o'm n0(’n"p")
X b (v, np)T 7' 0' 0' dT(~mp)|p>0] (22

The last quantities to be calculated are the expectation values between the bare proton states. It is a very long but straight-
forward calculation. We calculated only the case where the valence quark that emits or absorbs the pion remains in the same
orbital state. The results are

olplb (@, W, 8" 7, ok, b(v’ M, 8)d(E ' p') T, ok, b0 M p")
XbT(S,n,p)nganﬁdT(,n,p b'(v,m 5)7'Uv mmb(v m,8)|p)o

— 684— 1106z 1815<g

0<p|d(v m P )TS S’Ts/ /O-:n m'o-m n/b(v n P )bT(v n p)Tus sso-nma-mde(vm p |p>0
=972—5455;— 81554 (23
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TABLE Il. The two- to one-loop ratio for various bag radii.

Integral R=0.6 fm R=0.8 fm R=1 fm
Iq 1.6848 1.24065 0.980306
Iy 0.1946 0.1734430 0.157762
I3 4.92548 2.65299 1.63279
Proq?Px 0.0217 0.0124 0.0081

The results contained in expressi@8) are quite surprising.

FLAVOR ASYMMETRY OF THE NUCLEON SEA
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quq—_ 1 oSwP i¥y
P. (2RH%27)3 (0°—1)(wP—1) 3
1 \?[ 12 (684— 110557 18155y)
¥+ P |13 57
12 (972— 5457 8157
+ _2 ( su SE) ] ) (26)
5 57

The value of this ratio for different sizes of the bag is also

They say that, if the quark structure of the pion is importantdisplayed in Table Il, where we usexl, =140 MeV for the
and if the quarks from the pion are allowed to antisymme-pion mass andl=93 MeV for the pion decay constant. There
trize with the quarks from the parent proton, then the probis a strong dependence of the calculated ratio on the bag size

ability for the antiquark in the pion to bewais larger than

but, even for the worst scenarithe case of a small baghe

d. The above result is independent of the particularities ofize of the two-loop contribution is just 2% of the one-loop

the given model, in the sense that expressiS) is a direct
consequence of the bare proton wave function,(Eq.They

are also a consequence of assuming a pion quark interaction.

term[22].

IV. FINAL REMARKS

To better determine how important these second order Qur primary interest has been to investigate the effect of

effects could be, we will calculate the ratio of probabilities,

antisymmetry between the valence quarks in the nucleon and

Prdq? P . To this end we need to perform the integrals overthe internal structure of the pion. Within the cloudy bag
k andk’ in Egs.(17) and(22). These integrals are dependent model, in which the coupling of the pion to quarks is dictated
on the particular value of the bag radius and here we willyy chiral symmetry, we found that it appears to be safe to

display the results forR=0.6, 0.8, and 1 fm. We set
wo= w; and define the integrals

Jy
SirPx

X2

1

2

dx 0%+ oP+2(m2R%+x?)1?
M2R%+x? %+ wP+(MiR?+x?)12

=

X + CcOSX—

sinxcos<)

1
|2=§

)

f dx 1
0 (MR?+x?)Y2 s+ wP+ (MIR*+x%) 12

Siex

X2

X

SiNXCOX
+coEX— ——

S

where we us&=KkR. The numerical values of these integrals
are displayed in Table II.
With these definitions, we rewrite expressi®?) as

Siex

dx
>+ COSX—
X

(miR2+ X2)3/2

SINXKCOX
—) , (24)

b 1 2 w3 w’wP
™| (2R)?(2m)°%) (wp—1)? (05— 1)(wP—1)
47\? 2
X ?) —F {12(684— 11055;— 18165q)
+13 (972—5465;—81639)}. (25)
The ratioP .,q7P , is then easily expressed:

neglect possible antisymmetrization effects between pion
quarks and the nucleon valence quarks. Of course, when
writing the nucleon wave function one would have to add the
contributions from all possible states:

INY=Z"4|N)o+|Nm)o+ > [Nwqa)o+---], (27)
g states

where the sum of all quark statesg(12s, etc) was particu-
larly emphasized. If the quark that emits the pion remains in
the ground state, the only contribution from antisymmetry is
the one in Table Il. As we have to sum over all other pos-
sible states for this quark, it turns out that the antisymmetry
effects are further diluted. However, we will also have some
other contributions even in this case, because if the quark in
the pion is in the ground state, it can antisymmetrize with the
two spectator valence quarks. Also, if the quark in the pion is
in an excited state, it can combine with a particular excited
state of the valence quark that emitted the pion in the first
place, as in the gluon example. We did not make these cal-
culations because of their level of complexity. Our goal was
to examine the behavior of the dominant contribution, dis-
played in Table I, and our results indicate that this number
is itself already very small.

Of course, as the sum over quark states in &7) is
infinite, we cannot rule out the possibility that eventually the
antisymmetry graphs could be important. However, we be-
lieve that this is improbable, as the contributions from graphs
which would be unaffected by antisymmetry would grow
even faster. In summary, the major purpose of the present
calculation was to check whether the antisymmetrization ef-
fects in pion emission can be safely disregarded—they can.
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