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ABSTRACT. Thequark modd hasalong history. Thenotion of quarkswasintroduced on the basis of

unitary symmetry SU (3) for hadrons. Thistradition lastsin the moder n books on particle physics. We

want to mention that quark’s fractional charge follows only from the compound nature of hadrons without
any references to some symmetry. The constituent quarks must be fermions, and because chargeis
additive physical quantity, the sum of quarks’ charge must be equal to the total charge of hadron.
Normalization ischosen on chargesof proton and neutron. The obtained linear system of equationsis
simply solvable and the solutions give the true values for quarks’ charge. Therefore, this approach
seemsto be much more simpleand do not require consider ation of some methods of group theory. We
consider this approach more simple and reasonable for student understanding. © 2017 Bull. Georg.
Natl. Acad. <ci.
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“Sunt igutur solida primordia simplicitate™
[ Lucretius Corus, “De Rerun Natura”l.548/

The standard model [1] is the most successful theory of particle physics. Its al ingredients are already
observed on experiments. In spite of this, there remain some questions on which the standard model has no
direct answers. One of them is the question of quarks’ charge. More precisely, standard model does not
answer the question — why do quarks have fractional charges.

Asiswell known, quarkswereintroduced by Gell-Mannand Zweig[2,3] intheframework of flavor SU (3)
symmetry. Now quark masses are so different that speaking about some flavor symmetry for them is, prob-
ably, exaggerated. Nevertheless for lightest quarks some broken symmetries, such as isotopic SU(2) or
unitary SU (3) , arestill accessible. The phenomenological achievements of these symmetriesarewell known.
Among them the prediction of quarks by Gell-Mann and Zweig was the most important in the framework of
U (3) asafundamental representation of this group, namely triplet.

There are 8 generatorsin thisgroup, only two of them commute with each other, i.e. therank of thisgroup
is 2 and its tensorial irreducible representations are characterized by two quantum numbers, which are the
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third component of isospin 7; and the hypercharge Y. Their values in the irreducible representation D( D q)

are following:

1
T=5(P—P3+q—‘]3)
1

L=2(n-p-ai+4.) )

1
Y=§(p—q)—p3 +q5

where p and ¢ are the numbers of upper and lower indices of irreducible tensorial representation, and

D4, (i =12, 3) - numbers of one, two or three among them.

The eightfold way of Gell-Mann and Ne’eman [4] corresponds to representations in which ( P q) is

exactly divisible by 3 or the symmetry group is effectively SU(3) / Z; . In this approach the course is standing

to well-known empirical relation of Gell-Mann and Nishijima [5,6] for hadron charges

Y
Q=T3+5~ @

The hypercharge quantum number Y'is fixed inside the baryonic octet by the requirement Y ( proton) =+1.

After that for proton and for all other particles the true values of charge Q follow. But, the charge operator
itselfis not the generator of the considered group. Therefore, relation (2) still remains empirical. Only in the
frame of grand unified groups, such as minimal SU(5), all operators of equation (2) are generators.

But today we know that this symmetry is not a component part of the standard model. Therefore, when
quarks are considered, the strategy is that all their properties derived previously outside the standard model,
are implied automatically.

As regards the standard model, here the situation is the following: The model has two branches —
quantum chromodynamics (QCD - the theory of quarks and gluons) and electroweak (Glashow-Salam-Weinberg
theory). In both theories for leptons and quarks the “needed” prescriptions of electric charges are used
usually to be valid. But if leptons’ electric charges are established experimentally, the same is not true for
quarks. While the experimental verification of so called “Gottfried sum rule” [7] inclined to favor 1/3e for
average quark charge inside the nucleon, in our opinion, it is not enough - for the theory more strong
arguments are desired. There is no theoretical background for this, except the magic word —“consist™.

Below we’ll see that there is a very apparent and simple way to obviate a difficulty if we remember that in
QCD quarks are “confined” inside hadrons, and bosons consist of quark—antiquark pairs, whereas baryons
—of three quarks. As regards of the Pauli principle it is settled by the additional quantum number — color [8-
10]. Nowadays the experimental data show that according to electroweak sector quarks are encountered in
three generations of SU(2), xU(1), gauge group. Below we take attention first of all to the first generation,
so-called “ordinary quarks”, which traditionally are denoted by # and d symbols.

Consider a nucleon — proton and neutron, which have electric charges +1 and 0, respectively. Let us
suppose that until we don’t know their internal structure, i.e. we do not know in advance how many « and d
quarks are inside the nucleon out of 3 valence quarks. Let the respective numbers in proton and neutron be
aand . Clearly a, f <3 . Using the additivity of charge let us construct the relations for proton and neutron

charges (in units of elementary charge E)
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aQ, + (3 - Ot)Q2 =1, for protons 3

BO, + (3 - ﬁ)Q2 =0, for neutrons, )
where quark charges are denoted by O, ,.We have also used that the sum of coefficients (constituents) are

3. This information should be enough for determining both e and . The solutions of the Egs. (1),(2) are

(3-8) B
=, = —— 5
9 A 0, A ®)
where A isthe discriminant of this simultaneous system of these equations,
A=a(3-B)-B(3-a)=3(a-p) ©)

Now remember that aand [ are to be integer numbers. Clearly they are not equal to each others, a # 3,

as is evident from (3) and (4), their values can be only 1 or 2. The solutions for these numbers would be

. 1 2

1.If ¢ =1,then f=2,i.e.inthiscase A=-3 and Q, =—§, Q, =§ )
C 2 1

2.1f =2 ,then B =1, i.e.inthiscase A=3 and O =§, 0, =—§ ®)

We see that the charges of ordinary quarks are reproduced. The choice among above two solutions is
arbitrary (the principal result is a fractional character). It reduces to the nomination, which is a proton and
which - a neutron, the consequence of old isotopic symmetry, known in nuclear physics. The accepted
prescription corresponds to the second solution, i.e. to the identification

O(u)=2/3,  Q(d)=-1/3. ©)
For their antiparticles, evidently, the opposite sign must be taken. As regards the other quarks, their
charges may be determined in the same way — simply we can take attention on the quark content of known
particles and use the above derived solutions. The simplest way will be to choose a baryon, which consists
of 2 ordinary quarks and 1 new one, or mesons with known quark or antiquark, and new ones. For example,
take A" = (uds) , we should have for its charge
Ou)+0(d)+0(s) =0. (10)
Then, it follows
O(s)=-1/3 (11)
For the other flavored quarks we can take, for example, mesons D* = (co? ) and B' = (ul;) . Using ob-
tained values, we determine
0(c)=2/3, 0(b)=-1/3. (12)
The only exception from this simple rule could be the top quark, which is not inside some hadrons.
For it one can use the symmetry between generations, or some observed decay mode, for example,
t —b+W* . This would give O(¢)=2/3.
In conclusion, we are convinced that the fractional character of quark’s charge may be established very
easily without any reference to the flavor group SU(3), though it must be understood that this symmetry

had played a decisive historical role for the introduction of the conception of quarks.
Acknowledgement. This work is financially supported by Rustaveli Foundation (Project DI The author
is grateful for support.

Bull. Georg. Natl. Acad. Sci., vol. 11, no. 2, 2017



40 Anzor Khelashvili

QO%OJJ

60@0‘)3 .3530') ‘3306 '332515 ﬁ'og:).)a\)o 335@0?
S. 53920'33091\70

JJJQJHOOZJ ﬁ-]g(ﬁo, OJJEJ J')@‘)J‘)boﬁgogmls Lok, mdog)ol}ol} Zsobggzaﬁ’ogm 2750&7(31}0@‘7@0, HJQ)J,QJO 3536501](301)
go%odolj 0515@0@27@0,‘ Zs‘)j‘)(ﬁmgggzmb Zsoi)@(ﬁo‘)ﬁjmb Eﬂo,@‘) ‘)5,@(50‘) 306JJ.Q’§}"Q’[]‘3}7.Q’0[) Lok, j‘)rﬁmggm
2750&7(5[}0@‘7@0, m&ogmlm, Zjoj‘)ﬁm&jgim

63.)6633015 amgamk .)ﬂ31s Boﬁaﬁdgoz;o ols&mﬁoo. 63"663601’ 0533.) '3330’)@.)609:)0 og™
3.);26(*)5330]50)301} ﬁsoéoﬁggo 13033@6001} 1"“3'3833Q%3‘ 315 éﬁoa\meoo aﬁaagQa&) QQD]")G
Eﬁogoém tao%odols 0»5333526(\133 903536'30. 5335 3305520 '33350'35(*)0), Amd 63.56&]6013 335&01}
V"Q*‘Q‘"B%“ aoﬂmagosaﬁamals 3'memQ 3.);360753301& '83;26360;20 bﬂﬁaaoggos amaama&)ﬁm
15033&60015 3(*)15]53503301} 305)3'33. '3330;23353Qo 63.566360 -35520 033535 133630(*)5330, > 6.)Q3.)5
3-315&0 .)Qoéo-aﬂm (Bo%o 6'2]60 BQQQQD.}, 63‘)6 633015 3-35&33015 x.)ao Beemo -aEQ.) namls 3.);:\)607601&
3-315&015.). 3-315&015 Emﬁaoﬁa&bl} 3.55;1\)350) 36(\')&«)501}0 [ 530&6005013 335&36‘33. aog)abago Vﬁ)m
aosémgaaoo» lsolséaa.) 3.)6&03.);(\) oBmBBEQQoo > dolbo .)30')1‘)155330 od;ma&) 6336633015 a-a'béols
ls%’mt’) 350'3353Qm63613. oﬂoéma, 315 aoa\)amao aoﬂmoa-aﬁa&o a.)GOQaBom 3.)6&03.);2 > KY9) 3mombm31)
RAJBO mamt’)ools 6&033 aaom;gabols 6030')83536&13. 3033&5500, md 313 30;230)3& 'acaﬁ)m 301}0Q3600
15&-3;235&3301500)3015 dolo 15033(4)&()3015 a.)am. Gonoo, “md 'aaaQamao Qos.saodo'ls 'lsodom'baﬁo
a.)EBOQ-:]Qo UE“\") oamls 63.)5(35-360 ﬂﬁmaonsoao dols B.)t’)BmaB'ao. 3.)36.)3 315 | Josohdsago 36 360l
63‘)6 &]6013 lsobambabols 'lsoaaét‘mo, .)t“).)aaQ 360l (336015 15033&60.) 00O 'lso'b‘]mbo'ls 63‘56 do'ls.)cn3o'ls,
6mQals.)G 63‘)663“’ Jméol ﬁﬁmaﬁmﬂaaQaaoB 305.)306033335 ‘336~3Q° 3Qﬁm5330, 60’)33;20)‘)
6.)(')Q35m3.) 3ol (4)3.). ﬁmamﬁe Gsmbogoo, mamt‘)o'agoﬂ\) QQQ&]EOQO.) 63‘)663“’ dmcol
3(*)&3500&Q0’|s 8(*)03.55(333.). .)'lsamo 3m(53500.);:)o, 6(\')3&00 amMoﬁ)abamoo 6Qﬂmﬁcﬂs 36073.)6.)&(')6015
05%6.)\3’0%;20 3(\')(5.3:]03300), 9063"’0!23{]515 961303.5;2 %6;20;20 © demEgﬁo (3503013 3m®35000gm
6(*)3305.)00.)15 > '8%6'853{]&8"’93]5 30%0;1\)3.)]5 933600) 530&63;2-36 3Q6m3063m333'80.

Bull. Georg. Natl. Acad. Sci., vol. 11, no. 2, 2017



Why do Quarks Have Fractional Charges? 41

REFERENCES

1. Griffit D. (2009) Introduction to Elementary Particles. WILEY-V CH.

. Gell-Mann M. (1964) A schematic model of baryons and mesons. Phys. Lett. 8: 214-215.

. Zweig G. (1964) An SU(3) model for strong interaction symmetry and its breaking”, CERN report 8182/Th.
401.

. Gell-Mann M., Ne’eman Y. (1964) The Eightfold Way, Benjamin, New York.

. Gell-Mann M. (1953) Isotopic spin and new unstable particles. Phys. Rev. 92: 833-834.

Nakano T., Nishijima K. (1953)Charge independence for V-particles. Progr. Theor. Phys. 10: 581.

. Gottfried K. (1967) Sum rule for high-energy electron - proton scattering. Phys. Rev. Lett. 18: 1174.

. Greenberg O.W. (1965) Spin and unitary-spin independence in a paragquark model of baryons and mesons.
Phys. Rev. Lett. 13: 598.

9. Han M., Nambu Y. (1965) Three triplet model with double SU(3) symmetry. Phys. Rev. 139B: 1006.

10. Tavkhelidze A.N. (1965) Magnetic moments of relativistic models of elementary particles. In: Higher

symmetries and composite models of elementary particles, Trieste.

w N

o~ U A

Received April, 2017

Bull. Georg. Natl. Acad. Sci., vol. 11, no. 2, 2017



