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Abstract

Quari:e interazt under the stantons. Tiaese interactions
affect the wavefuactionz of pions and nucleons znd preduce differences in
the transverse momentum distributions of the up and docun quark wi

nucleon.
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Pace 2
Quantum chromcdynamics may provide a viable deseription of ths guark
- substructure of hadronic states. At short distances this theory is amenable
to perturbatiye analysis, with results vhich accord well with a nuaber of
nich energy scatterinsg experiments, At  lonz distances, however,
non—ﬁgrthrbative effeéts are probably important, and the details of how
quark; ére bound into hadronic states remain unclear. This binding poses
two difficult questions: how to generate the spectrum of the
nonreiativistic quark model and how to incorporate in these s£ates the
éonstraints of current alcebra and chiral sycmetry.

A solution to this second problem may be providedl’2

3

by the instanton
conficurations of quantum chromodynanics., = If instantons cgenerate
dynamical masses for H species of rassless fermions, then. the sane
interactions nust pr-odUce2 N2 - | massless pseudoscalar bound states ofl
quarlts and anti-quarks as llambu-Goldstone bosons for the chiral symmetry
SU(i) X SU(N). If, morecver, this spontaneous symmetry breakdown occurs at
distances smaller than typical hadronic radii, it should be pgssible to
treat instanton interactions indepéndently of details of the‘mechanism which
confines quarks to the interior of hadrons,

Irn this letter we arcue thzt ths instanton scale is indeed smaller than
the confinement scale. It follows that hadronic wavefunctions should have

momentum conponents of order the inverses of the deminant instanton size,

A
a nunber which is sienificantly larser than 200 MeV, the inverse of the

g - . Lo
confinesent lenath, fExperiments waich probe the transverse momentun
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distrioution of quarks within pions and nucleons already indicate the
5 . ’ " ,
presence” or moaentun components on the order of 800 - 1000 Mev. Qur
model helps explain this result and predicts that there should be larze
differences in the transverse momentuz: distributions of the up and down
quarks within a nuecleon,
The instanton-induced cuantum tunnelling amplitude involves the running

coupling g in the following combination:6’7
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Here /O denotes the instanton size and )\ is a constant |which is
indeterninate at the one loop level (i.e, with the consideration of only the
lowest order gquantun fluétuations about the instanton field). Since }’ is
maximal for gz(k/c)/8772 = 1/6, this factor selects a certain range of

ins;anton sizes depandent upon the parametef )x. The approximate value of
this parameter can be estimated in an analysis of the dyvnamical mass which
instantons are presumed to generate. For the purpose of that analysis we

will choose a specific form for the runnine coupling,

ﬁgTrQ“ 33-2 N | ( . o )
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which extrapolates from asymptotic freedom at small /D to a linear potential

]

¢

N , i : .\
at larere o, Tne =scale factor /L is determined from 2nalyses of scalin-
/- : )
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violalions in deep inclastic scatterine and electron-positron annihilation

Y

4 -

to have the approxinate valve , L = 500 sV,
ine dynamical quark mass m(p) is described by an interral equation

which can be solved by numerical or approximate analytical technicues, Thae

result is

)~ [dp 2™ yrp) FHEE) o

wnere f(ﬁgp/2) describes9 the wavefunctiop of the lowest eigenmode of a
quark - field in the presence of an instan?on of size /3. A plot of the mass
function m(p) is given in Fie, 1 for the case & ='3. The derivation of
Eq. (3) gssumes.thét,;:m(p) << 1 over the ranze of O selected by the factor
j{'()»;)). The approximate vélue of .\ can bé spedified as>folloﬁs. if our
guantun anmplitudes are'defincd5 by Pauli—Villars-regularization, then the

lonz distance mass m(0) will have a numerical value

I (o) ~ 3.6 N° _/_\_ , ()

Thus, if this number is to be of the order of 300 ieV, we must have
A ™~ 0.8. A different re~ularization scheme would chanre the numerical
.coefficient in Eq., (4). Thus, for = example, in  the dimensional

regularization sche‘meo (still usine dﬂ\ = 500 4eV) we would obtain an

estimate A\ 77 1.5. In either case the strons A dependence- off Eq., ()
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requires that /\ have a value of order unity.
IR "] . s . . ) . . -
“'fhe momentun (= which maximizes the lunction )’ of Egs, (1)
/ /

and (2) has the value

P
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for X\.= 1.0 and /\ = 50.0 MeV. lote that this estimats is large compared to
200 Mey, meaning that the dominant instantons are significantly smaller than
the confinement lenvth., Althouzh the magnitude of thé product )\Jﬂ; is
somewhat uncertain, ue‘believe that this qualitative conclusion will survive
any jugg{ing of the parameters in Eq. (5). 1In physical terms, the parameter
N4 sets the scale of variation of the mass function ::x(p)‘ (see Fiz. 1). Tne
same scale characterizes the inﬁeractions vhich instantons _indﬁce between
guarlss and antigquarks, These interactions‘o can be cxpréssed2 in terms

of a Bethe-Salpeter kernel,

2M-3
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where A1 and A2 denote coler, flavor and spin dependent factors formed
from the incoming and outzoinz particles, respectively. The relative

strengths of the kernel for differcnt states of color, flavor and spin are



indicated in Yable 1.. A& stronz attractive interaction occur52 in the

pscudoscalar, color =sinclet, flsvor. adjoint .channel and renerates tha
Nambu-Goldstone bosons expected to follow from the spontaneous breakines of
cﬁiral SU(i) X Suii) symmetry, The corresponding Eethe-Salpeter

wavefunction for a‘pion of zero four-momentun is

_ N r‘\"v( \;’\) XS )\ 1 (
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Note that the small momentﬁm (or lons distance) behavior of this
wavefuhc§?on is govcrnéd by the lonz distance mass m(0), The larze momentumn
behavior of'TT;(p) is deteramined by the large momentum behavior of m(p)
and involves the scale/g4 as indicated in Fig. 1,

Crossing to quark-gpgrk channels, we can recast- the results of Table I
into the form of Table II, The same appr‘oximaﬁions2 vhich produced thne
massless bound state of Eq. (7) lead now to a (massive) diquark state, The
diquark ié spinless and transforms as an anti-triplet of color and flavor,
Like Ehe pscudoscalar mesons this diquark includes in its wavefunction
momentun components of characteristic size /44 . The quantum numbers of the
diquark allow it to rgside in the nucleon but not in the £\ resonance, This
fact underscores the role of'instaﬁton interactions in brezakine the SU(6)
symnelry of;the naive guark model, (3imilarly, we note that in Table I
there are ecntries correspondine to _pseudoscalar mesons but none Fdr any

vector meson states.)
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If' now we constrret nucleons as bound statzs of diocuarks and cvarks, an

interecstiny physical pilcture results, Since the confinemnent lenecth is

-

1argpr than typical instanton sizes, the quark-diquark wavefunction should
involve typically =maller momentun coaponents than the wavefunction for
quark; bound within the diquark. 7This imrlies that the averaze transverse
momentum> of a down cuark within a proton will be typically larzer than that

of an up quark, CQuantitative measurements of these distributions can be

obtained by studying4 the production of/L, fca— pairs in the

" _
bombardneat of protons with 77~ beams., kezlectine entirely the momentum

s s . o . . I & P V.
arising from the quark-diquark wavefunction, we obtain a prediction '

te

2 e .2 A .
P72y <Py 2_5_— P (8)

for the difference in mean-square transverse momenta of the produced muon

pairs, To test this prediction one nust measure the difference

2 2 , . )
<QL ;4. - <p, ?T* and use Eq. (&) to deduce froa it a valpe,forlbi, If

this nugber is siecnificantly largzer than 200 MeV, then we would interpret
the/LLtLL” production data as an experimental observati;n of instantons,
and would identify the experimentally deter&insd/LL" as the dominant
instantoﬁ size,

The quark-diquark structure proposed here provides a straishtforward

explanation for aspects of the nucleon that have been previously linked with

SU{0) svametry breakin~ erfects, he diguark wavefunction (cf. Eq. (7))
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falls off rapidly at lar-e moventa (p >>',;), Thus in deep inelaciic
scattering cxpariments near x = |, scatterinn should oceur dominantly froa
the odd quark - in the. nuclcop. This. provides - thnt
Fnz(x)/Epz(x)-—> 1/4 as x -, 1. Furthermore, since the diquark is
spinLcsé there is a suzrestion in this picture of larce polarization
asymmetéies as x -, 1, Such asymmetries do indeed seem to 5e a feature of
the most recent data in this area13.

This work was initiated at the 1976 Seattle TiIP. Ve thank S. D, Ellis

and E, M, Henley for their hospitality. We have also enjoyad useful

conversations with K. Savit, J., D, Sullivan, R, S, Hilley and E. VWinstein,
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R
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Table Cantions

dable 1. lkelative strenxth of thz kethe-Salpeter kernel for cuark-antiguaric
chznnels, Underlined nuabers label representations of the SU(3) color and

SU(N) flavor sroups. Spin indices of ths two rarticles are coupled via the

indicated Dirac matrix.

Table 11, FKelative strenzth of the Eetha-Salpeter kernel for quark-quark

(diguark) channels, The symbol A denotes anti~-symmetrization of the flavor

labels of the two gquarks, corresponding to tne representations 2, 3 and b
[ava N

7N Va2

for N = 2, 3 and 4, respectively,

Ficure Caption

 Fie, 1, The dynamical mass function., The dominant instanton size is of

-1
order/bg .
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Fig. 1



