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We calrulste the partonic structure of constituent quark is the Next-to-Leading Order for the
first time. The strocture of any hudron can he obtained thereafeer using a convalution methad. Suich
& procodure is-used to generate the structure function of proton and pion io NLOG, K isshown thet
while ths constituont quark structure is gensratnd purely percurbntivaly and nocousts w0 most pret of
the hadronic structure, there 1s o few percent contributioss coming from the nonperturbntive sactar
in the hadronic structure. This coniribution plays the key role iz expluining the SU7(2) symmetry
breaking of the sucleon sea and the obsarved violstion of Gosifried sum rule. These effects are
calculated. Excelleat agresmeat with data ln o wide renge of = = [107%,1] and @° = [0.5, 5000]
GeV? is renched for protoo structuse fanction. W have also calculsied Pion structurs and compared
it with the existing data. Again nice agresment is echieved, PACTS Numbers: 13.60 Hb, 12.38.-
x, 13.88 +e, 12.20.Fv

L INTRODUCTION

Gur knowledge of hadronic structurs is based on the hadronic spectroscopy and the Deep Inalastlc Scattering (DIS)

data. In the former picture quarks are massive particles and their bound mates describe the static properties of
hadrony; while the interpretation of DIS data relies upon the quarks of QCD Lagrangian with very small mass, The
hadrosic structure in this picture is intimately connected with the presence of a lurge number of partons(quarks and
gluons). The two types of quarks not only differ In mass, but also va other important properties. for example, the
color charge of quark figld in QUD Lagrangian is ill-defined and is not gauge invariant, refiecting the color of gluons in
an Interacting theory. On the other hand, color associated with a Constituens Quark (CQ) is 3 well defined entity. It
hﬁmmﬁwuhn[i]fﬂmmmmwﬂgﬁnnﬂmlwﬁddmﬂlmmm
a CQ in conformity with the color confinement. From this poins of view a CQ is defined as a quasi-particle emerging
from the deessing of valence quack with giuons and ¢ — § pairs in QCD.
Of course, the concept of CQ a8 un intermediate step between the quacks of QCD Lagranginn und hadrons is not
new. In fact, In the context of SU(B)XO(3) long before Altaselll and Cabibo [J] have used them. R.C. Hwa in his
elaboratad work termed them as valon, extended it and showed is application to many physical processes [4], In
Ref.[2] it is suggessed shat the concept of dressed quark and giuon might be useful In the area of jet physics and
heavy quark effective theory. Despite the aver presence of CQ no one has calculated Its content and partonic structure
without resorting to hadronic date and the process of deconvelution. The purpose of this paper is threefold: [a) we
wlill evaluaze the structure of 4 CQ ln the Next-to-Leading Order (NLO) In QCD. (b) we will verify its conformity
with the strucsure funcsion data of nuclecn and pion for which there are ample dota available. (¢) In she process,
however, we will notice that additional refinements are needed o account for the viclation of Gottiried Sum Rale
(GSR) and the effect of binding of CQ's to form u physical hadeon.

II. FORMALISM

By definition, a CQ is o universal building block for every hadeon, that is, iy structure i5 common to all hadzons
and generated perturbasively, Onoe its structure is waluated, in pringple it would permit to calculate the sructure of
any hadron. In doing =0 we will follow the philesophy that in & DIS experiment at high enough Q7 & is the strucsure’
of & CQ which i being probed and at sufficiently low value of 7 this structure cannot be resolved thus, a 0Q bebaves
s valence quark and hadroo 5 viewed as the bound state of lts CQ's. Under these criteria partons of DIS experiments
are components of 0 and at high Q% one can write for & U-type CQ lts stracture as follows:
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FY(2,Q%) = 55(Gy +Gg) + 52(6 4 +G g +Gy +Gg) + . (1)
where all the functions on the right-hand side are the probability functions for quarks having momentum fraction =

of a U-type constituent quark at Q°. Similar expression can be written for a D-type CQ. Defining the singlet (S) and
nonsingler (NS) CQ distribution functions as:

!
GS=E[G& +G&} =Gy +(2f = 1)Gyy (2)
el

f
Y=} (Gg ~Cg)=Gr~GCuy (3)
LA

where G 7 is the favored distribution describing the structure function of 4 quark within a CQ of the sume Saver while
unfavored dissribution Gy describes the structure function of any quark of different Savor within the OQ. f s the
mnmber of active flavors. In terms of singlet and noasinglet distribusions they are as follows:

Gy = %r{aﬁ +(2f - )G™) W
Guy = 3567 - G™) )
Having d all the structure functions of CQ's in terms of G; and G,y we now go o the moment space and
define the moments of these distributions as:
MnQH = £ " Pz, Q% )de (6)
H
Min, Q") = L 1 Gin, Q% )dx (7)

the subseription i stands for 8, NS. Using charge symmetry, in the following we will refer to CQ distribution enly in

proton.

In the NLO approximation the dependence of the running coupling constant, o on Q¥ is given by:
Fnin(3r)

_ e B
@)= @ " ) | ®)
with o = $(33 — 2/) and f = 102~ ¥, The momants of NS and § in the NLO are;
St O3 — Hf'?ifl-'ﬁ@.ll 1We A (@), forrass
S e 0
M3 (n, Q%) = %{g:l]ﬂ&" : “‘ml'“ﬂmpﬁﬁw Eﬂoﬂ?ﬁ} mi@“}}’:t;;_“l
E’%A'?S_AE] +He—-) (10)

where ¢ = (N _ S0 and 49 and 41N are ancmalous dimension metrices [5] and AY denote the eigenvalues
of one-loop anomalous dimengion magrix ¥ O

= “[‘fé‘&m FAON 2 (X O3 | 4 (ON (N an
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and pY is given by:
g ==y )02 - 20) (12)
The quantities 45, tmwmwm‘mmmmmmumw@mwm tis

the evolution parameter defined as:
==h£’% (13)
=
The coefficients v~ and tan be Sund in [6].

Wahnwukmw:n&inlumhq’ =0.283 GeV? and A = 022 GeV, It seems that evolution of parton distributicas
mm;mmﬁﬁhmmw “The shove value of Qg corresponds w a distance of .36 fm
which is roughly equal to or slightly less than the rading of & CQ, It may be ohjected that such 2 distances are probubly

soo large for a meaningful pure perturbative tressment, We note that 5 9(z, Q%) has the property thas it becomes
ﬁ.-l}ﬂ@’hu:mhﬂqu%.iﬁnhhwmmnﬁm This mathematical boundary condition
slgnifies that the internal structure of a CQ cunnot be resolved at Cy in the NLO approximation. Consequentiy,
when this property is applied to Eq.(18) bellow, the suructure function of the nucieon becomes directly relnsed 10

5;.;}ummsmmu.mammmmmmmmmmh-m-idmd

g consisting only of theee (two) CQ's, for baryons (mesons). In fact our resuits are only meaningful for QF > 0.4
GV, As it 1 stased abowe, the moments of the CQ structure function, F5%(z, Q%) are expresed completely in
wirns of the evolution parameter, ¢, of Eq. (13). From the theoresical standpoing, both A and Qo depead on the order
of the momenty n. In this work we have assumed that they are Independent of n, heace introducing some degrees of
approximazion to the QF evolution of the valence and sus quarks. Howmvar, on one hand there are other contributions
lile target-mass effects, which add unesrtainties to the theoretical predictions of perturbative QCD, while on the other
hand snee we are dealing with the CQ, there is no experimental data to invalidate an n independent A assumption.
The moments of valencs and sea quarks in a CQ are:

Mg = M5 (0, Q%) | (14)

Mgy = g7 (M5 - MMS) (15)

where M55 are given above. Evaluating Masee and Mg at any G or ¢ is now straight forward. Using laverse
Meilin Transform technlques, following forms for the valence and sea quark distributions inside a CQ Is obzained In
she KLO:

29 (2,Q%) = az'(1 = =) (16)

g5 (@) = e (1~ 2)"[1 + 92+ 659 (17)

The parameters g, b, ¢, &, ete. are functions of Q* through the evolution parameter £, The sume form a4 in Eq.(17) is
obtained for Gluon distribution in a CQ but only with different parameters. Functional form of them is & polynomial
of arder three in ¢ and are given In the appendix. We notlce thas the following sum rale reflecting the fact that each
(0 containg only one valencs quark le satisfed for all wlues of Q%

j;‘f‘!* (=, Q:)ﬁ =L (18}

Substituting these resuits in Eq.(1) completes the evaluasion of 8 constituent quark structure function is NLO. In
Figure (1) various parton distributions inside a CQ is plosted.



In previous section we caleulated the NLO structure of a CQ. In this sectlon we will use the comvalution theorem
to calculate the structure function of proton, FJ'(z, @%). and that of & pion. Let us denote the structure function of

a3 CQ by FF9 {z.Q’}nﬂﬁnmhﬁﬁhﬁfmﬂngaﬂﬁmm&le&nyﬁwmhagp{ﬂ
The corresponding structure function of the hadron, using the convolurion theorem is as follows:

oy Fj‘(a.@’i=§£ Y o2 )FE(2, 07 (19)

where summation runs over the number of CQ's in a particular hadron. Also uotice shat G zg (y) Is independent of the
nature of the probe and its ¢ value. G#u;mmmwmﬁnmummmw
coatalning all the complications due to confinement. From the theoretical poins of view this functlon cannot be
evaluated accurately. To facilitate phenomenologicul analysis, fullowing Hefld] we assume a simple form for the
axclusive CQ diszribution in proton and pion as follows:

Crenpn, yeiva) = Hypw)"yidn +p+ys-1) (20)

Gopss- (s 12) = @i vidln + 3 — 1) (21)
Integrasing over unwanted momenta, we can arvive of inclusive distribution of individual CQ:
1

GI{;’@] = a{ﬂ+ La +‘+2}f'fl -F}I {22’}
Goypli) = m#‘ (1 =gy (23)
Cgpe-) = wﬁ"ﬂ -y)" (24)

similarly expression for Gps.— with the interchange of 4 « ». In the sbove equations B(f, §) is Euler Beta function
and its arguments ave fixed using the sum rule:

f Gogly)dy = 1 (35)

where CQ'= I/, D, and h = p,v~. Numerical values aze: j=0.01, v = 0.06, a = 0.65 and b = 0.35. In Figure (2
the CQ distributions in proton and r~ are shown. We stross that CQ distributions in hadroos are Independent of
and the nature of probe being used. Now it is possible to determine various parton diswributions in a hadron. For
proton we can write:

1
(8.0 =2 [ G0, 100 @)+ [ 014D 013, 0°) = i 2,98+ e @) 26)

_ g 4 1
Gaeaspl2 Q) =2 f %canumu.tz.a’-z+ j %Gnh{ﬂ}!mo{#ﬂ’l (27}

The above squation represents the contribution of constituent quarks to the nucleon sea. Comparing with dats cu
proton ssructure functions shows that the results fall shors of representing the experimental data by a 3-5 percent.
This is due in our opinion, to the fact that CQ is not free in 2 hadron but they interact with each other in forming the
bound states. That means, there are some soft gluons in the nucleon besides the CQ's. In the process of formation of
bound tate, a CQ emits gluon which In turm decays into § — ¢ palts which gives & residual component to the partons
in a hadron. In our pleturs there is 5o room in the CQ structure for breaking the SU(2) symmeiry of the sea but after
creation of § — ¢ pair from the emitted glion | these quarks can recombine with CQ te Buctuate into meson-nuclesn
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state which breaks the symmetry of the nucleon see. In what follows we will compute this component, its contribution
to the nucleon structure function and violation of Gotriried sum rule. ™1 order o distinguish these partons from those
cenfined inside the CQ, we will term them as inherent partons. Although this component Is intimately related to the
bound state problem, and bence it has a non-perturbative origin, for not so small values of Q* we will calculate it
perturbatively for the process of CQ = CQ + gluon — J— ¢ at an initial walue of §* = 0.65GeV? where 4, Is still
small enpugh. The corresponding splitting functions are as follows:

(T2 -
Pugle)= -2 G- (28)
B,ilz) = %{:’ +(1+27 (29)

For the joint probability distribusion of the process at hand, we get:
LAy T o i Gt
). 3 ey f —Pul )G cql2) (30)

The splittitg funesions and the gz, %) = Gianlz, @), above are thas of the leading order rather than NLO. We
do not expect it should make much of a differeace since, it contribution to the whole structure functlon Is only 2
faw percent as can be seen in Figure (3). In the above equation N Is & factor depending on Q* and CGiog i the
constituent quark distribution in the proton given previously. The same process, however, also can be a sourve of
5U7(2) symmetry breaking of nucleon sen and resulting 15 Wees # dass, 20d hence the viclation of Gottfried sum rule
(GSR). Thore are several expianations forshis observation such as favor asymmetry of the nucleon sea (7] [8l, lsospin
symmetry bresking between proton and neutron, Paull hlocking, ete. One of these explanations fits well within our
modnl. It was proposed by Richten, Inchliffe and Quigs (9] that valence quark Suctustes into quark and a pion. In
other words & nucleon can fluctuate into a meson-nucleon state. This ides is sppealing in our model and can be
calculated rather easily. In our model after a pair of tnierent ¢ — § created a @ can couple 10 & D-type CQ to form
an intermediate v~ = Di while the u quark combines with the other two U-type CQ's to form 4 &%, This is the
lowest u@ Suctuation. Similarly a dd can fluctuate Into the =*n state. Since A™ state is more massive than 1 state,
then the probabiiity of dd Suctuation will dominate over ufi fluctustion which nasurally leads to 4n exeess of dd pairs
over w6 in the proton sea. This procsss is depicted in Figure (4). Probability of formation of a meson-barion state
can be written as:

Qinn. (2, Qg} =M'.E¥rﬁ=1 =N

L
Puste) = [ % [ L rpsmy.n (31

whare Fly, =) Is the joint probability of finding a CQ with momentum fraction y aad an inhersnt quark or anti-quark
of momentum fraction = in the proton. R(y,z:z) is the probability of recombining & CQ of momentum y with an
inherent quark of momentum = to form a mesen of momentum fraction * in the proton. The evaluation of both of
these probability functions are discussed in [10] for o more geseral case and an earlier, but pioneering, version also
proposed in [11). In the present case these functions are much simpler. Guided by works done in Refl [10,11] we can
write :

Flunz) = WG ga y)sdonn ()1 =9 = =) (a2)

Riy,z:2) = p*2"8(y + 2 - 1) (33)

Here we take a = b = 1 reflecting that two CQ’s in meson almost equally share its momentum. The exponent & is
fixed for the n and AT states using the data from E366 experimsnt and the muws ratio of A to n. They turn out
to be spproximately 18 and 13 respectively. © and p are the normalization constants also fixed by dete. It is sow
pessible to evaluate G ond das quarks sssociated with the formation of meson states:

Bl @)= [ Bipea)+ Founss (509 (34

L
iu(m @) =3 [ LPusve el (35)



where us and d, are the valence quark probability densities in the pion at scale Q3. mm&:ﬂdimm
to Iscspin consideration. Uslug Egs. (18, 17, 24) we can calculate various parton distributions In a
MWB@ {34, 35) are:

W50 = [ Goje)taus 005,00 (36)
| § T i
£2.e@) = [ Gope- Mot /(510 (31
Byt 0 =Yy J&7 (38}
There are some data on the wlence structure fanction of m~ (12]. Defining valence structure function of 7~ as:
FL =2ty ==dly, (38}

we present the results of our caleulation for FT; in Figure (5) along with the experimental data at @ around 6 Gev®.
Returning to the d excess over 4 in protoa we can write all the contributions as:

d J.H +'5¢nu.+¢-'ﬂ
o ™ G T v “

NuSen collaboration at Fermilab E866 sxperiment hos published their results {13] for integral of d — @ and § at
@ = 7.35 GaV. With the procedure deseribed, we have caleulated these values at the same Q and for the range of z
as experimentally messured: 7 = [0.02, 0.35]. The results of the model is:

f“' da(d - @) = 0.085 (41)

to be compared with the experimental value of 0.068 4 0.0106. We get for the entire range in 2: [) da(d - @) = 0,103
while the experimentally extrapoiated value is 0.1 + 0.018 which are in excellent agreement with onr ealoulations,
This gives a value for the Gottfried sum rule of:

f #(e) - B 1 - f dafd(z) - ()] = 0.264 (42)

at @ = 7.35 GeV. The NMC result [14] is S = 0.235=0.026 which Is at much lower value of @° = 4 GeV=. In Figure
(6), diz) - a(z) and  in proton are shown as a function of z-at = 7.35 G2V along with the measured results.
We are now in a to present the results for the proton strucsure function, FY. In Eqe.(16,17) we presented the
form of parton distributions i a CQ. Using those relations with the numerical values given in appendix then fom
Eq.(1) the structure function of CQ is obtained. In Eqs, (22, 23) the shape of CQ distributions in proton is given.
With the help of Eq. (10) now all the ingredients are in place to caleulats Fy, hfﬁpﬂ&fﬂﬁh'mdumm
at many valuss of @%. As it is ovidens they fall a fow percent shert of representing the data. However, as mentioned
eariier, mmmlﬁﬁmﬂmﬁmﬁmthmhmmmﬂ-ﬂiucﬂmﬂudmh (50). Adding
mmmmmmm.ﬂmummmwm The data polats are from [15]. For
the purpose of comparing our results with other calculations; we have also included in Figure (7), the GRV's NLO
results [16] as woll ax the prediction of CTEQ4M (17, Notice thar we have taken the number of active flavors w
be three for Q* < 5GeV* and four flavors elsewhere. In Figure (8) the gluon distribution predicted by the model is
presented along with thase fom Ref.(18, 171,

IV. SUMMARY AND CONCLUSION

tu'thhpm.pxmhmmudHmmﬁmnfmmﬁmﬁmkunﬂdﬁﬂdﬂiﬂhﬁummnﬂ:m, Its
structure can be caleulated in QCD perturbatively to all orders. A CQ receives its own structure by dressing a valence
quark with gluon and g — § puirs in QCD. We have calculated its structure function in the Next-to-Leading order

g
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hh&mﬁmmnhﬂmuthbu\mdmd g CQs we have used the convolution theorem to
extract the badronic structure functions for proton and pion. Besides the CQ structure contribution to the hadrons,
&numdwnmmhﬁnmmwhﬂummhihm 10 the overall structure of hadrons
becomes crucial in explsining the violation of Gottfried sum rmile and the of d over 4 in the nucleon sea. A
mnwh%mﬂmmwm We have presented the results and
compared them with all svailable relevant data and with the work of others. We found thut pur resuits are in good
agreernent with the data

V. APPENDIX

In this appendix we will give the functionsl form of parameters of Egs. (16, 17) in terms of the evelutios parameser,
t. This will completaly determines parsonic structsure of CQ and their evelution. The results are valld for three and
four flavors, although the flavor number 35 not explicitly present but they have eatered in through the calculation of
moments. Ay we expiained in the text, we have taken the sumber of Savors to be three for @° < 6GeV™ and four for
higher Q° values.

1) Valence gquark in CQ (Eq. 16}

a= -0.1512 + 1.785¢ — 1.145¢ + 0.2168¢°
b= 1460 — 1.137¢ +0.4T1F = 0.0898°
o= —=1.031 + 1.047¢ - 0.023¢ = 0.00752

II) Sea quark in CQ (Eq. 17)

a = 0,070 = 0,213t = 0.247¢ — (.080

8 =0.336 - 1.703¢ + 1.495¢* — 0.465#

~ = =30,526 + 57.495¢ — 46.802¢% & 12.057#
1= 3.187 = 9.141¢ + 10.000¢* — 3.3066

£ = =T.014 + 19177t — 18,0236 + 5.279¢°
N = 1.023 + 0.124¢ — 2.3066 + 1.965¢°

1) Gluon in CQ (Eq. 17)

a = 0.826 — 1.643¢ + 1856 — 0.564°
3 = 0.328 — 1.363¢ + 0.950¢* - 0.242¢7
y= —{,482 + 1.528¢ - 0.323+° - 0.023¢#
n = 0.480 — 3.386¢ + 4.6180% = 1.441¢°
€ = —2.475 + 6.873L — T.458¢% + 2.161#°
N = 2247 - 6.903t + 6.879¢% — L.876¢8°
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VI. FIGURE CAPTION

Figure-1. Moments of partons in a CQ at @* = 20 GeV* as a function of .
Figure-2. Parton distributions in proton and =~ at Q° = 20 GeV? as a function of z.
MW&MWM:MMMMNMM&M&C&H
she solid line represents the sum of the two components.
Figure-d. Procssses responsible to SU(2) symmetry breaking in the nucléon ses and viclation of Gottiried sum rule.
Figure-5. Plon valence structure function as o functuon of = at §° = 5.5 (Gev/c)*. Solid curve is the revult of the
model calculations and the data points are from Ref.[12].
Figure-§. The ratio § and the difference d — 4 as 2 function of X. The solid line in the model calculation and the
dotted line is the of CTEQ4M. Data are from Ref. [13].
Figure-7. Proton structure function F7 a8 a fmnction of z calculated using the mods! and compared with the data
from Ref. [15] for different Q* values. mmmummammmmmmmbma

CTEQ4M Retf.[1
Figure-8. The ﬁmdﬁﬂﬂhﬁmh a8 a function of z at @° = 20 GeV?. We have also shown the prediction
ﬂﬂﬁ?tdmmﬂm)mdmﬂdfﬁnm&uﬂ The data points are from H1 collaboration.



