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Chiral quark model of nucleon spin-flavor structure with SU(3) and axial-U(1) breakings
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The chiral quark model with a nonet of Goldstone bosons can yield an adequate description of the observed
proton flavor and spin structure. In a previous publication we have compared the results dBasy®umetric
calculation with the phenomenological findings based on experimental measurements (8hagydtunetry
relations. In this paper we discuss their(8land axial 1) breaking corrections. Our result demonstrates the
broad consistency of the chiral quark model with the experimental observations of the proton spin-flavor
structure. With two parameters, we obtain a very satifactory fit td=tti& ratios for the octet baryon masses
and for their axial vector couplings, as well as the different quark flavor contributions to the proton spin. The
result also can account for not only the light quark asymmatryd but also the strange quark contenitof
the proton sea. SQ3) breaking is the key in reconciling the value as measured in the neutrino charm
production and that as deduced from the pion nuclederm.[S0556-282(198)02301-7

PACS numbgs): 12.39.Jh, 13.15:g, 13.60.Hb, 14.20.Dh

I. INTRODUCTION value of the pion-nucleon sigma teran,y [8,9]), as well as
the various quark flavor contributions to the proton sfas
A significant part of the nucleon structure study involvesdeduced from the violation of the Ellis-Jaffe sum r{il®—
nonperturbative QCD. As the structure problem may be veryi4]). Furthermore, the chiral quark model predicts that the
complicated when viewed directly in terms of the fundamen-antiquarks in a nucleon are not significantly polarized. We
tal degrees of freedorfturrent quarks and gluopsit may  have suggested that this feature is consistent with our picture
well be useful to break the problem into two stages. One firsbf the baryon magnetic moments being built up from those
identify the relevant effective degrees of freedom in terms obf the constituent quarks having Dirac momefiS§]. In the
which the description for such nonperturbative physics willmeantime, the Spin Muon Collaboratiq®MC) has pre-
be simple, intuitive and phenomenologically correct; at thesented their data on their semi-inclusive spin asymmetry
next stage, one then elucidates the relations between thegfeasurements indicating the antiquark polarizatimEand
hanperturbative degrees of freedam in _terms of the QCD d_being consistent with zerfil6], thus providing further
quarks anq glgoqs. For the npnperturbatwe phenomena ta upport for thisyQM explanation of the proton spin-flavor
ing place just inside the confinement scale, the chiral quar uzzle.
model (xQM) suggests that the relevant degrees of freedom 1o hhenomenological success of this chiral quark model
as being the internal Goldstone bPSO(’@B)' constituent requires that the basic interactions between Goldstone
quarks, which can be thought of as just the quarks propagaf,song and constituent quarks being feeble enough that the
ing in the QCD vacuum, for this energy range with 'ts. chiral perturbative description is applicable. This is so, even though
condensate. The hope is that, without waiting for a final exyhe \nderlying phenomena of spontaneous chiral symmetry
plication of the detailed mechanism for chiral symmetryy oaying and confinement are, obviously, nonperturbative.
bre_ak_mg and confinement, we can yet achieve a simple de- o, previous calculation has been performed in thé33U
scription of the hgdron structure. . symmetric limit, and we have compared the results to phe-
. Our |nve_st|g§1t|on has be_en built upon th_e prior work 01Enomenological values which have been deduced by using
Elchten, Hinchliffe, and Quigd1], \_/vho applied theyQM . SU(3) symmetry relations as well. For example the various
idea[2] to the proton flavor and spin problem. In our previ- o fiavor contributions to the proton spin, such as the
ous publication[3], we have argued on phenomenological g ange quark polarizatiofs, have been extracted after us-
and theoretical grounds for the inclusion of a flavor¢SuU ing the SU3) symmetric F/D' ratio for hyperon decafjs0].
singlet meson with a coupling to the constituent quark haV'SimiIarIy, the extraction of the strange quark contdnt

ing an opposite sign to the octet couplimg~=—gg. In this — —— .

picture, we have been able to account for much of the obi—l_q\sgr\r/ ess)/tﬁqg%;g)gofrrtog tg; ixﬁggﬁmil\ézgf ;:nwc’)\‘n

served proton spin and flavor structure which is puzzling . SY! y 9
. . . ) “—  “octet baryon massd3]. It is gratifying that the agreements

fi)m the view point of naive constituent quark model: the are in the 20 to 30 % range, indicating that the brokgB)U

d asymmetry(as measured by the deviation from the Got-chiral quark picturg3] is, perhaps, on the right track.

tfried sum rule[4,5] and by the cross section difference of  To take the next step is, however, much more difficult.

the Drell-Yan processes on proton and neutron taf§disa  The phenomenological valuess and f¢ are sensitive to

significant strange quark contest (as indicated 7] by the ~ SU(3) breaking effects, which can only be introduced in the
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TABLE I. Transition probability for GB emission by constituent f50tors enter into the amplitudes fcnr+—>(uu_)0u_ and

quarks, witha being that for the process,—7"d_, and with dd ] tc. b th | receiv
other processes reduced by @Wbreaking suppression factors. The u+—>_( .)Ou* Processes, € (,: ecause (hey aiso receive
contributions from they and " GBs.

subscriptst represent the helicities of the quarks, being parallel or
antiparallel to the proton helicity. The subscript O indicates that the
quark and antiquark pair combine to form a spin zero state. Hence A. The flavor content

the antiquarks, in the leading order of perturbation, have no net From Table I, one can immediately read off the antiquark

polarization. — T
numberq in the proton after the emission of one GB by the
u,— d,— Probability initial proton statg (2u+d)—---]:
u,—(ud)od- d,—(du)ou- a — 1 2
7 7 u=—-[(2{+6+1)°+20]a, 1
U, —(us)es- d.—(ds)os €’ 12 (% 2ol W
u,—(uu)ou_ d,—(dd)ed_ 5+20+3\2 L
a N
o o 6 d=5[(20+6- 1)2+32]a, 2
u,—(dd)u_ d.—(uu)ed_ 5+2¢—3\2
a
6
_ _ — 1
U —(SS)ou- d;—(s8)od- (6;4 2a =3l(E=9)°+9¢]a. ®
3
For the quark number in the proton, we have
extraction process in a model-dependent way. Consequently u=2+u, d=1+d, s=s, (4)

these phenomenological quantities would have large uncer-
tainty if no SU3) symmetry is assumed. Correspondingly, it because, in the quark sea, the quark and antiquark numbers
is difficult to perform ayQM calculation away from the of a given flavor are equal. We shall also make use the no-
SU(3) symmetric limit: SU3) breaking is introduced by dif- tion “quark flavor fraction in a proton”f, defined as
ferent quark massemg>m, 4 and by the nondegenerate
Goldstone bosor(GB) massesMg ,>M,, and the axial (@);) q+q
U(1) breaking byM,,>M, ,. Since these are Goldstone =
modes propagating inside hadrons, they are expected to have
effective masses different from the physical pseudoscalar ] ] _
meson masses. Apparently, in order to study such symmet¥/hereq’s in the proton matrix elementsjq), are the quark
breaking effect in detail, one would need a theory of thesdl€ld operators, and in the last term they stand for the quark
GBs propagating in the intermediate range between the cofumbers in the proton.
finement scale and the energy scale below which the sponta-
neous chiral symmetry breaking takes plackg,,<A B. The spin content
<A . - . . -

NXevertheIess, some effort.has already been made in t%oltno:lh\zlevg\r/rgtfuw:gir;:]n;gaﬁtéogsir?_rjpn;gtlgglf, we have the
study of the symmetry breaking effects on the phenomeno-
logical values. Several authors have obtained results suggest- 1
ing that bothAs and fg will be reduced by such effects lpy=—=
[17-20. It is then worthwhile to see what sort of pattern \/6
would the chiral quark model suggest for such corrections, to - o
see whether they are compatible with the modified physicaf his implies that the probability of finding, ,u_,d. , and
data, as well as yielding an overall agreement with phenomd— are3, 3, 3, and3, respectively, leading to the naive quark
enology at the better-than-20% level. Our purpose in thignodel prediction ofAu=u,— u_=3, Ad=—3 andAs
paper is to present such a schematic(®land axial U1) =0. After emission of one GB, which flips the quark helicity
breaking calculation to demonstrate the broad consistency éfee Table), we have
our chiral quark model with the observational data.

®

“ (uu+dd+ss), 3+2(u+td+s)’

(2|U+U+d_>—|U+U_d+>—|u_u+d+>).

4 1 2
Au= §[1—EP1]+ §P1(u_—>u+)+ §P1(d_—>u+)
Il. CHIRAL QM CALCULATION WITH SU  (3) BREAKING

. . . . 1

The SU3) breaking .eff.ects will be mtrod_uce[dil] in the - §P1(U+—>U—)— ~Py(d,—u_),
amplitudes for GB emission by a quark, simply through the 3 3
insertion of a suppression factar:for kaons,é for eta, and
¢ for eta prime mesons, as these strange-quark-bearing GBs
are presumably more massive than the pions. Thus the prob-
ability ax |gg|?are modified for processes involving strange
quarks, as shown in Table I, where we have already _ EP (U, —d_)— EP (d,—d_)
substituted-in the quark content of the GBs. The suppression 3 U N -

1 1 2
Ad=— §[1_2P1]+ §Pl(u,—>d+)+ §Pl(dfﬁd+)
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1 2 5
As=zPy(U-—s;)+ 3Py(d-—s.) = aPy(us—s)

3

3 Pldi—s.),

(6)

where P;(d, —s_)=e%a is the probability of a spin-up
quark flipping into a spin-dowms quark (through the emis-
sion of K*), as displayed in Table I, etc. The combination
[1—2P,] stands for the probability of “no GB emission,”
with 3 P; being the total probability of emitting one GB
(", 7% K, 7, 7'):

1 52 2
- 1+—+52+—+§— a.

1-3P,=1 5 st 3

()

After plugging in the probabilities in Eq6), we obtain the
various quark contributions to the proton spin:

4 21+45°+80%+126°

Au= 3 9 a, (8
Ade 1 6—6°-2;%-3¢€° o
=-3- 9 a, €)
As=—¢€’a. (10

C. The SU@) parameters: D and F

It has been pointed out in our previous pap8t that,
since a SW3) symmetric calculation would not alter the rela-
tive strength of quantities belonging to the samg3unul-
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lll. NUMERICS

What impact do these SB) and U1) 4 breaking suppres-
sion factors have on the comparison of chiral quark results
with phenomenological quantities? Here we shall put in a
few numbers. Again our purpose is not so much as finding
the precise best-fit values, but using some simple choice of
parameters to illustrate the structure of chiral quark model. In
this spirit we shall pick the suppression factors for khand
7 amplitudes to be comparable= 5. As for the suppression
factor ¢ for the " emission amplitude, since the symmetric
calculation[3] favors {=—1, and sincen’ is extra heavy,
i.e., axial U1) is broken, we will simply pick{=—3e.
Thus, for the numerical consideration, we start with the
simple approximation of

€=6=-2¢. (13

Perhaps the most significant part of the chiral quark pic-
ture is its explanation of the isospin asymmetry of the quark
sea, which the New Muon CollaboratighlMC) has mea-
sured to bd4]

_3 ! p—n 1 .
u—d—z fodsz (x)—§ =—0.15. (14

From Egs.(1), (2), the yQM expression for this difference is

20+6
-

u-— 1|a. (15)

With the approximation of Eq(13), this suggests that we
pick the emission probabilitg=0.15. As for the suppression

tiplet, our symmetric calculation cannot be expected to imfactors, we shall take the illustrative value ef 6=—2¢

vector coupling ratioF/D = 2/3, which differs significantly
from the generally quoted phenomenological valud=6b
=0.575+-0.016[22]. To account for this difference we must
include the S@3) breaking terms

F Au—As

D Au+As—2Ad

2 6-a[28°+472+(1/2)(3€%+21)]
3 6—a(28%+47%+9€%+3)

11

Similarly discussion holds for th&/D ratio for the octet

relative strength of the propagator factors:
I, I'g:T,:T,=1e€8,
where
I .=———, etc. with (Q?=0.35 GeV.
(Q%)+M7 ‘@)

In Table Il, we summarize the results of such a numerical
calculation. They are compared to the phenomenological val-
ues, and to the predictions by the naive quark model and by

baryon masses. Here we choose to express this in terms B xQM with SU(3) symmetry, respectively.

the quark flavor fractions as defined by E§):

fs  fu—fq  1+2(u—d)
fg futfe—2fs 3+2(u+d-2s)

3+2a[2{+5—3]

1
T3 3+2a[206+ (1/2) (9— 67— 126))]

3

12

The SUG6) prediction3 should be compared to the phenom-
enological value of 0.2123].

In the SU3) symmetry limit of 5=e=1, we can easily
check that Eqs(11) and(12) reduce, independent afand{,
to their naive quark model values.

We should mention that, in this crude model calculation,

we cannot specify the detailed Bjorkendependence of the
various quark densities. Namely, all the densities should be
taken as those averaged over the entire range. ofi this

connection, one should be careful in making a comparison of

the antiquark density ratio ofi/d, which our model(with
the stated parametengelds a value of 0.63, while the NA51

Collaboration[6] measured it to have a value of 050.04
+0.05 at a specific point of=0.15.

IV. DISCUSSION AND CONCLUSION

In our previous publicatiorf3], we have demonstrated

that the chiral quark model with a nonet of GBs can, in the
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TABLE Il. Comparison of yQM with phenomenological values. Antiquark number difference d
follows from the violation of Gottfried sum rule as measured by NMET The yQM results for the antiquark
density ratiou/d are thex-averaged quantities, while the NA51 Collaborati@ measurement is at a
specific point ofx=0.15. The strange to nonstrange quark ratio in the se4 2+ d) is from the CCFR
measurement and analy$®4] as discussed in the text, see Ef8). The strange quark fractiofy value is
based oro =45 MeV and the no-strange-quark limit-value @f (y)o=25 MeV, calculated by using the
SU(3) symmetric baryon mads/D ratio [8,9], and the quark-fraction ratib; /fg is similarly calculated by
using the octet baryon massgz3]. The axial vector coupling= and D are from Ref.[22]. Quark spin
contributionAq’s, based on the S@@) symmetric axial vector coupling/D ratio, are from summary review
in [14]. The antiquark polarization valuesu and Ad are from the recent SMC measurement on semi-
inclusive processegl6]. Possible downward revision of the phenomenological values b§B)Stfeaking
effects, as discussed in the text, are indicated by the symji®jl. (

XQM XQM
Phenomenological Naive Slbkymmetric broken Sy
values QM e=6=—-¢(=1 e=06=-2[=0.6

a=0.11 a=0.15
u—d 0.147+0.026 0 0.146 0.15
uld (0.510.09) _¢ 15 1 0.56 0.63
28 ~05 0 1.86 0.60
u+d
oon s 0.18+0.60 (| ?) 0 0.19 0.09
falfg 0.21+0.05 : z 0.20
ga 1.257+0.03 2 1.12 1.28
(F/ID), 0.575+0.016 2 Z 0.57
(3F—D)4 0.60+0.07 1 0.67 0.57
Au 0.82+0.06 3 0.78 0.87
Ad —0.44+0.06 -3 -0.33 -0.41
As ~0.11£0.06 (| ?) 0 -0.11 -0.05
AuAd -0.02£0.11 0 0 0

SU(3) symmetric limit with the singlet couplingy=—gsg, 2 5

yield an adequate accounting of the observed proton spin and D~ 31" 21~ €)a+0(a%)|.
flavor structure. In this paper, we have presented a calcula-
tion which takes into account, schematically, the(lsym-  The desired correction is for the abdve - ] factor to be less
metry breaking effects due to the heavier strange quagk, than one, see Table Il. This is precisely what f@M with
>my,q andMy ,>M, as well as the axial (1) breaking  m >m, 4 would lead one to expect because of the inequality
due toM,,>My , . We find the resulting phenomenology ¢?<1. Similar statement can also be made for the ratio in Eq.

having been significantly improved. (12):
. fa 1 1
A. FID ratios =31 §[(1—52)+2(1—2g)(1—5)+12(1—62)]a
8

We wish to emphasize that the calculation presented here
is more than just an exercise in parametrizing the experimen-
tal data. After fixing the two constants by the measured val-
ues, we have been able to reproduce several other phenom-
enological quantities. Our point is that the broke(8Uy Parenthetically, the axial vector coupling=3D=Au
QM with mg>m, 4 has just the right structure to account for + Ad—2As=Ag has the structurdg=A{+ A" with the
the overall pattern of the experimental data. For example, isymmetric termA{”)=1-[(2¢%+7)/3]a and the S(B)
has been clear that in this model the (SlJbreaking terms breaking correction being
are needed to account for the deviatiefD ratios from the
SU(6) predictions[3]. But there is noa priori reason to (1)_1 ) ) )
expect the correction to either increase or decrease the ratio. Ag _5[(1_ 6)—3(1-€Y)]a=— 5(1_ €7)a<o0.
However, our schematic calculations show that this model
has the right structure to make the correction in just the righNamely, in ouryQM, Ag is reduced by S(B) breaking ef-
direction. Consider the axial vector couplifdD ratio of  fects. This is again compatible with the trend found for the
Eq. (11). To simplify our presentation, let us expand it in phenomenological extracted value—although our model in-
powers of the emission probabiligy. dicates that this reduction is rather moderdtem a sym-

+O(a2)}.
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metric value of 0.67 to corrected value of 0.57, approxi-As=0 being consistent with experimental data. Our calcula-
mately) rather than the 50% reduction as suggested in one dfon indicates that, whilAs may be smaller than 0.10, it is

the 1N, studies[19]. not likely to be significantly smaller than 0.05. To verify this
prediction, it is then important to pursue other phenomeno-
B. Strange quark content and polarization logical methods that allow the extraction &k without the

Th M naturall ts that th | ¢ need of SW3) relations. We recall that the elastic neutrino
€ xQM naturally suggests that the nucleon strang€qaiering¢27], and the measurements of longitudinal polar-
guark contents and polarizatiom\s magnitude are lowered ization of A in the semi-inclusive process ofN— uA +X

by the SU3) breaking effects as they are directly propor- [28] have already given support to a nonvanishing and nega-

tional to the amplitude suppression factors, see E3jsand - : . .
A . tive As. Such experimentation and phenomenological analy-
(10). This is just the trend found in the extracted phenom—SiS should be pursued furthE2g].

enological values. Gass€20], for instance, using a chiral
loop model to calculate the $B) breaking correction to the o
Gell-Mann—Okubo baryon mass formula, finds that the no- C. Down quark polarization

strange-quark limit-value ofdy)o is modified from 25 to It is also interesting to examine the &Y breaking effect
35 MeV; this reduced from 0.18 to 0.10, for a phenom- on the spin contributiomd, which should have only an in-
enological value ofr =45 MeV [8,9]. It matches closely direct dependence on the strange quark. Without35U
our numerical calculation with the illustrative parameters,preaking, we have
see Table Il

The strange quark content can also be expressed as the
relative abundance of the strange to nonstrange quarks in the
sea, which in this model is given as

1 2
(Ad)@=— 3 5(1—52)3

which can hardly yield a\d value significantly more nega-
_ ~1.662=0.6. (16) tive than —1/3 as required by phenomenology, whether in
(12 (u+d) (2¢+6)%+27 the simpleyQM with an octet of GBs {=0), or the broken-
U(3) model with{=—1. But Eq.(9) clearly shows that it is
This can be compared to the strange quark content as megre emission of strange-quark-bearing mesons that contrib-
sured by the CCFR Collaboration in their neutrino charmutes the “wrong sign.” Hence, the suppression of such emis-

s__ :4(5— 5)2+ 962

A

production experimer{i24]: sions, when we takeg>m, 4 into account, will make thel
_ quarks in the sea more negatively polarized, see Table Il.
Xs Calculationally, the strange-quark-bearing mesons enter into
= xs) —0.477+0.063, Y ge-d g

(1/2)((xu_>+<xd_>) the expression foind (with the wrong sigh through the
probability factor for “no GB emission” as given in Eq7).
where

D. The role of SU{3)-singlet GB

(1
<XQ>:f0XCI(X)dX, (17) For the axial Wl) breaking, we made the parameter

choice of{ =—€/2=—0.3. It implies that a satisfactory phe-

which is often used in the global QCD reconstruction of"omenology can be obtained with a strongly suppresged

parton distribution§25]. The same experiment found no sig- @MPplitude. In what sense then are we required to extend the
nificant difference in the shapes of the strange and nontraditional YQM with an octet of GBs to the broken(B)

strange quark distributior{@4]: version of the model? We observe that if we €etO0,
namely a decoupleg’, while the numerical results faxq's
XUu(x)+xd(x) andfg remain quite acceptable, the - d),_o=—0.12 be-

xs(x)oc(1—x)“ 2 , comes rather a poor fit to the known phenomenology. Indeed
we find it difficult to get a good fit to all the phenomenologi-
with the shape parameter being consistent with zere,  cal values with;=0: For example, if we fix up the Gottfried
—0.02+0.08. Thus, it is reasonable to use the CCFR find-sum rule violation with a some adjustment of parameter:
ings to yield =0.175 ande= 6=3, we then over-corredt;/fg to 0.17,f

to 0.06, andk to 0.36, etc.(Generally speaking, it is the

1 flavor, rather then the spin, structure that is more sensitive to
N=k=3, 18 the ¢ value) Nevertheless, it is difficult to justify the inclu-

sion of then’ meson based on such crude numerical fit. We

which is a bit less than, but still compatible with, the value insuggest that it is the overall theoretical consistency that re-
Eq. (16) [26]. quires the inclusion of the S8)-singlet GB. For example,

A number of authors have pointed out that phenomenofrom the view point of IN. expansion, in the leading term
logically extracted value of strange quark polarizatibsiis ~ we have nine unmixed GBs. The next order nonplanar cor-
sensitive to possible S8) breaking corrections. While the rection must be included to break thig3) symmetry — and
effect is model dependent, various investigafdrs—19 all its attendant S(B) symmetric quark sefd—3|, which is phe-
conclude that S(B) breaking correction tends to lower the nomenologically undesirable — and to give the singlet an
magnitude ofAs. Some even suggested the possibility ofextra heavy masghrough the axial anomalyIn our previ-
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ous SU3) symmetric calculation, we found that a choice of baryon, by the Syracuse group, which can be traced back
0o= —Usg Yield an adequate fit for a phenomenology derivedstarting from Park, Schechter, and Weifiehys. Rev. D43,
at the SU3) symmetric level; in this paper a significantly 869 (1991)]. We also note the Skyrme discussion of the
better description has been obtained after taking into accourgU(3) breaking effect on the extraction of strange quark con-
of SU@) and U1), breakings. All this shows that our tent from the pion nucleow term by Yabu[Phys. Lett. B
broken-U3) chiral quark model possesses a consistent strucz1g 123(1989].
ture that can yield satisfactory phenomenological descrip-
tions at different levels of approximation.
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365 383 (1996], as well as a series of earlier works on  This work was supported at CMU by the U. S. Depart-
flavor-symmetry breaking of the nucleon axial matrix ele-ment of Energy(Grant No. DOE-ER/40682-127at UM-St.
ments, performed in the context of the Skyrme model of theLouis by the University of Missouri Research Board.
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