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Remark on the vectorlike nature of electromagnetism and electric charge quantization
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In this work we study the structure of electromagnetic interactions and electric charge quantization in gauge
theories of electroweak interactions based on semisimple groups. We show that in the standard model of
electroweak interactions the structure of electromagnetic interactions is strongly correlated to the quantization
pattern of electric charges. We examine these two questions also in all possible chiral bilepton gauge models
of electroweak interactions. In all, we can explain the vectorlike nature of electromagnetic interactions and
electric charge quantization together demanding nonvanishing fermion masses and anomaly cancellations.
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PACS numbd(s): 12.60.Cn, 12.96:b

I. INTRODUCTION

14
Why nature arranges things so that electromagnetic inter- L= ( e) ~(12YD), er~(LLY),
actions among fermions are vectorial and electric charge L
guantization(ECQ comes with the patterQ,=0, Q.=
—e, Q,=3%e, Q4=—1eis a question not altogether closed. Q :(
QED, the natural place to investigate these questions, is un- L
able to explain them because of the arbitrariness of the

u

d)LN(Srqu)i URN(3!11YU);

U(1)em quantum numbers. Gauge theories of electroweak dr~(3,1Y,). 1)
interactions based on a semisimple group face also the same '
difficulty as in QED: the W1) factor compounding the semi- In order to break symmetry spontaneously and give

simple groups. masses to the gauge bosahs andz® we need to introduce

In spite of this difficulty ECQ was analyzed in gauge : g : g
theories of electroweak interactions. It was found that intzy(;?]gja?f (: blep~(1,2.Y,) that acquires a vacuum expec

some models the difficulties may be overcome by two types

of constraints. One type comes from the requirement that 0
some fermions be massive. In such models the fermions ob- <¢>O~( _ 2)
tain masses through the Yukawa sector. Demanding this sec- \

tor to be invariant under gauge symmetry we get constraints

among the (1) quantum numbers. These are the nonvanish- After the spontaneous symmetry breaki®$B and due
ing fermion mass constraints also called classical constraintso the mixing among/V® andB we find the following charge
Another type of constraint comes from the requiriment ofoperator{4]:

theoretical consistency of the model which means the model

is free from anomalies. Anomaly cancellatiofly are ex-

pressed in terms of the relations among th@)Wuantum Q/a=T3+b/a§, )
numbers. These are the quantum constraints. Using these two

constraints ECQ can be explai_ned in some extension of thﬁ/herea=g/esinO\Nandb:g’/ecosaw. Since we want the
standard modelSM) [2-8]. In this work we extend such an generatoQ unbroken,Q( ¢), must be zero. With this con-
analysis to include the structure of the electromagnetic intergition we finda=bY,. Using the freedom in assigning the

actions. Such a study will be done in the SM with masslessscale of the electric charge we et 1 [2.4]. Then we have
and massive neutrinos and in all possible chiral bilepton 9 T

gauge(CBGM) versions. gsinfy=e andg’ costyy=e/Y,,. _ :
This paper is organized as follows. In Sec. Il we analyze After_ these steps we fmd_ the following electromagnetic
the vectorlike nature of electromagneti$fLNE) and ECQ  INtéractions among the fermions:
in the SM with one and three generations. In Sec. Il we o
extend our analysis to the case of CBGM. In Sec. IV we _ — Y
; . =—— + by +e((—Y =Y, +
summarize our conclusions. Lem= = gy L2VLHY o) mynre((ZYL=YiHYy)

Il. ELECTRIC CHARGE QUANTIZATION AND THE (=YY Y vs) e+ u((—Yq— Y= Yy)
VECTORLIKE NATURE OF ELECTROMAGNETISM _
IN THE FRAMEWORK OF THE (=Ygt Yu=Yy)ys) Y u+d((=Yq—Yg+Yy)

STANDARD MODEL
A. The case of one generation

In the SM with one generation the quarks and leptondn order to give to fermions their masses we introduce the
come in the following representations: Yukawa interaction
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_EYZQIE_(ZSGR"‘ 9“5L7/JUR+9“5L¢dR+ Hc (5 B. The case of three generations

. . . i With three generations the representation content is
By demanding U(1y gauge invariance we find from E(p)

14
YL=Yi=Y=0, Yq= Yyt Ye=0, Yq=Ya=Y,=0. Lal_:< a) ~(1,2YL), es ~(LLY,),
(6) €al |
Substituting Eq(6) in Eq. (4) we find the following structure U,
to the electromagnetic interactions: QaL=(d ) ~(3,2,an), uaR~(3,LYua),
alL
e _ _
£em:_2_Y(ﬁ[(YL+Y¢)VL7MVL+ (=YLt Yy)yre da,~(3,1Yq,). (12)

_(yq+y¢)jyuu+(_yq+ Y¢)E7’”d]AM- (7) ~ With a=1,2,3 being the flavor index. Now we have the fol-
lowing structure for the electromagnetic interactions:

Now we must impose the anomaly cancellation. The con- 3

ditions in Eq.(6) leave only two nontrivial anomalies, which _ e 2 —
are sufficient to fix the hyperchargds andY,: Lem=— 4y, 4 [2(YL, +Yg)va v vi,
1 —
[SU(2) JPU(1)y=Yq=— 3L tea((= YL =Y FYe)+ (=Y +Y) +Yy)ys) v e,
L FUa((= Y, = Yo, =Y + (=Yg + Y =Y 4) ¥5)¥¥U,
ULy BE=Y =-Y,=Y=5Y,. 8 —
[U(Dvly=YL 77 'aT 3¢ (8) +da((_an_Yda+Y¢)
Substituting Eq(8) in Eq. (7) we obtain ECQ and the VLNE +(=Yq,+ Y+ Yo vs) v dalA, . (13
— 2e— e . )
Lem=eey eA,— S YFUA, + §d y*dA,, . (9) The Yukawa sector takes the following forl]:
1,23
Cancellation of anomalies and demanding the fermions —£Y=> [g..L. ¢e, +9%.Qqa &dy_ +0%,Qa dUp ]
are massive one obtains ECQ and the VLNE in the SM with ab LR LR LR
one generation and massless neutrinos. tHe (14)

Adding a right-handed Dirac neutrineg~(1,2Y,), to
the SM we get the following electromagnetic interaction: From its U(1), gauge invariance we find the following
relations among the hypercharges:

- 4_Y¢VI((YL+ Y, YY)+ (Y=Y, +Yy)vs) v mA,.
(10

YL, =YL= Y4=0, Yo=Y, —Y4=0,

b
. _ . Yq.— Yq, T Y4s=0. (15
Its Yukawa term id | ¢vg. Its U(1)y gauge invariance pro- a b
vides the following relation=Y +Y,—Y,=0, which can-  From the two last terms above we obtain

cels the axial term in Eq10). But now only one nontrivial

anomaly constraint remaing:SU(2),]°U(1)y. Then we Yo,=Yq» Yu,=Yu, Ya,=Ya, (16)
have two arbitrary hypercharges from the gauge invariance

of the Yukawa sector and one constraint from the anomalyvhich leads Eq(15) to

cancellation. In this case we have no ECQ. This result is the _ . .
dequantization effed2—7]. Nevertheless we have the VLNE VLY mYe=00 YomYumYe=0, Y= Ya+Y,=0.

automatically 17
Substituting Eq(17) into Eq. (13) we obtain the following
Lom=— v [(YL+Y¢)?y“v+(—YL+Y¢)Ey"e electromagnetic interaction among fermions:
¢
3
e —
Y — Y — - "
g Y urtut| - Y dydlA,. Lem™ " 2v, 2 LY * Y v e A
(12) tea(— YL, TY ) v eA, — Ua(Yg+ Y ) Y*UA,
Babu and Mohapatra made the important observation in Ref. +Ea(—Yq+Y¢) y4daA, ], (18)

[5] that if we suppose that the neutrino is a Majorana patrticle
we can fix all the hypercharges restoring thus ECQ and con- After this we have only two nontrivial anomaly con-
sequently the VLNE. straints
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3 pressed[13]. Some studies of their phenomenology were
[SU2) J2U(1)y=9Y4+ 2> Y =0, done in[14].
a
3 3 3 3 A. Version A
Here we analyze the VLNE and ECQ in a CBGM based
3 in the SU(3x®SU(3) ®U(1)y symmetry which has as
n 2 (2Y2 —v3)=0 (19) electric charge operator the following linear combinations of
a ta 'l ' their diagonal generatof9]:

These two constraints are insufficient for fixing the four ar- _ } _

bitrary hypercharges in E¢18). Different from the SM with Q=503 V3hg) +bN, @Y

one generation, we have neither an explanation to ECQ nor i

to the VLNE. This is the dequantization effd@-7]. Nev-  WhereN is the generator operator of the Uglgroup andh;
ertheless we have through Ed8) a correlation among the andAg are the two diagonal Gell-mann matrices.
quantization pattern and the structure of the electromagnetic The mininal set of scalars necessary to give correct
interactions. Such correlation permits us to conclude that nahasses to the fermions and bosons are three triplets and one
ture arranges things so that the electric charge quantizatioteXtet. They get a vacuum expectation value different from
=Ze, Qq=— Le because the nature of electromagnetic interJOWing manner:
actions is vectorial. Thus if we wish to explain ECQ we need

. e . v 0
to take as constraints the nonvanishing fermion masses, K
anomaly cancellations and the VLNE. (mo=| 0 | ~(L3N,), (p)o=| Vs |~(1L3N)),
Let us suppose a Dirac-like massive neutrino. In this case 0 0
also we have the dequantization eff¢2t-4]. Nevertheless
the VLNE is automatic 0
3 o ()o=| 0| ~(L3N,),
L‘,em=—2—Y¢ - [(YL+Y¢)Va7MVaA/L '
o _( Y, ) 00 0
+e (=YL +Yy)vHe A — Uyl — 5+ Y| YHUA
al L 4:)7 al\,— Ua 3 ¢ |V UaRy, <S>0= 0 0 Vo, ~(1,3.Ng). 22)
—[ Y. 0 Vg, O
+d,| — ?+Y¢, YAl (20
Requiring the electric charge operator annihilates the
whereYL1=YL2=YL3=YL 4], vacuum of the scalars we set
If we suppose a Majorana-like massive neutrino we must 1
restore ECQ and the VLNE as in the case of the SM with one N,=0, b=g~ Ny=-N,, Ng=0. (23
generatior{2,3]. g
After these steps the electric charge operator acquires the
Ill. ELECTRIC CHARGE QUANTIZATION following form:
AND THE VECTORLIKE NATURE 1 N
OF ELECTROMAGNETISM Q==(A3—\3\g)+ —. (24)
IN CHIRAL BILEPTON 2 Np

GAUGE MODELS The fermions come in the following representations:

Chiral bilepton gauge models are extensions of the

SU(3)c®SU(2). ®U(1)y symmetry group to theGsy, Va
=SU(3)c:®@SUX) ®U(1)y one, withX=3,4. X=3 gives L, =| €| ~(13,N,),
us the simplest versions and=4 the largest version. - et ?
Whether or not we consider exotic leptons we can have only al L

two independent simplest versions of CBG®10] and one

largest versiorf11]. Their key features are bilepton gauge Uz

bosons with lepton numbér= =2 and exotic quarks. They Qi =( di| ~(33Ng),
give in some sense an answer to the family prob[é t I '

because they require a minimum of three families to cancel L

anomalies. They are multi-Higgs models, nevertheless (31N di ~(31N
FCNC with the standard neutral gauge boson strongly sup- Uir~(3.L,Ny),  di~(3.LNg)),
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JR1~(3;11NJ1)1 ‘]iRN(3111NJi)1 (25)
d; with a=1,2,3 andi =2,3 being flavor indices. There are no
Q =| —ui| ~(33,Ng), lepton singlets. The quarks's and d’s are the usual ones
- 3 ' with J’s being the exotic quarks.
b After SSB SU(3}r®SU(3), ®@U(1)y—SU(3):

®U(1)ey,We find the following structure for the electromag-

dip~(3,LNg), Ui, ~(3LNy), netic interactions:

123 23
Lem=— 2_Np ; z, [ZNLayaL’y'MvaL‘F 2€q(— NP+ NLays)y#ea

+U3((Ng, + Ny ) = (= Ng, +Ny ) 75) ¥*Us +Ui((Ng, + Ny +N,) = (Ng =Ny +N,) y5) y“ui

+d1((Ng, +Ng, —N,) = (Ng, —Ng —N,) y5) v“d; +d;i (Ng +Ng) — (Ng — Ng ) ys) yd;

+J—l((NQ1+ Ny, +N,)—=(Ng,+Nj —N,) 7’5)’}’M~]1+J_i((NQi +N; —=N,)=(Ng —Nj =N, vs)y*JiJA,. (26)

|

From the U(1), invariance of the Yukawa sectft5] _ e _ _

Lem= eea')"ueaA,u_ N_[(NQ+ Np)ua')’Mua+ NQda')"uda
p

1 _ _
—Ly==GpLS S Ly + N 1Qq  J1rx + Nii Qi Jipx™ _ _
Y2 ARaLT Tk TR RE R R +(Ng+2N,)33 733+ (No—N,) I 7J]A, . (30

N 1aQ10darp T M2 QiLUare™ + M 12Q11Uar?7 Note that the classical constraints alone provide the VLNE
, = . and ECQ among the leptons.
+NiaQiLdarn™ +H.C., (27) After the relations in Eq(29) only one nontrivial anomaly

we find the following relations between thkequantum num- constraint remains

bers[8]: [SU(3)12U(1)\=3Ng, +3Nq,+3Ng + N +N_ +N__
NU1:N”2: NU3:N“' =0, (32)
Ng,=Ng,=Ng,=Ng, which together with the relations in Eq29) gives No=
—N,/3. This fixes uniquely thé\’s quantum numbers as a
No,=Ng.=Ng, function of N, furnishing thereby electric charge quantiza-
2 3 . .
tion of all fermions and the VLNE
Ny, =N, =Ny, (28) B e o
and Lem=e€67 €A, — ?uay”uaA#nL §day”daAM
N_.=N_. =N, =0, 5e_ de_
Lo ke s — 3V LALF ZIYIA,. (32

N;j=No—N,,

T Let us now analyze this model with massive neutrinos. In
Ng=Ng, the case of a Majorana neutrino, it is sufficient to modify the
sextet of scalars to

Ny=Ng+N,,

N; =Ng+2N,,
! f <S>o:

o o <

0
Vo, [ ~(1,3Ny). (33
NleNQ+Np (29) o, O
Substituting these relations in E@6) we obtain the fol-  This does not change the above steps. So the result in Eq.
lowing electromagnetic interactions: (32 remains the same with or without Majorana neutrinos.
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If we add right-handed neutrino&aR~(1,1,NRa), their
electromagnetic interaction become

3

e _
Lom== 1 2 (NL N ) vayvaAL
P

(34

From their Yukawa interactionSTaanaR, we find Ng_
—NLa=O, which together with Eq(29) gives NRa=0, an-

nulling their electromagnetic interactions. In short, in this
simplest CBGM version, we explain, with or without mas-

sives neutrinos, ECQ and the VLNE.

B. Version B

PHYSICAL REVIEW D 60 075013
d3 ~(3,1,Ng,), Uz ~(3,LN,),

with a=1,2,3 anda=1,2 being the flavor indices.
Its electric charge operator takes the following linear
combination[10]:

1 1
Q=3[ As— ﬁxs

We need three triplets of scalars to break spontaneously

+b’N. (36)

his i h ibl . f the simpl the symmetry and give mass to the fermions. Their vacuum
This s another possible variant of the simplest CBGMexpectation value is different from zero and transforms by

versions. Its Higgs sector is more economic than the one i%U(S)C®SU(3)L®U(1)N in the following manner:

the first version. It presents Dirac-like massive neutrinos in-
evitably in tree level. Its fermion content is the following:

v, 0

" (Mo=| O |~@aN,). (pro=| s | 13N,
La=| €| ~(L3N_), €5 ~(L1Ng), 0 °

C

v

a’ L 0

d, (0= 0 |~@3ny. @
Qo =| ~Ua| ~(33".Ng,), Yx

3.,

With the requirement that the electric charge operator an-

nihilates the vacuum of the scalars we set

uaRN(sslvNua)l daRN(SylyNda)y

IR~ (LN, N==2N,, Ny=N,, b'=—zg- (39
U3z
Qs =] ds ~(3,3,Ng.), After the break of the symmetry SU@@SUB)L
3 ®U(1)y—SU(3)c®U(1).m we find the following structure
Ja/ | for their electromagnetic interactions:

1,23 1,2
e — _
Lom==gn~ 2 2 [(NL,=N,)vaysy*vatea((=Ni,~Ng,=2N,) = (=N__+Ng ~2N,) y5) Y€,
7 a 44

+Ua((—Ng, =Ny +2N,) = (=Ng +Ny +2N,)¥5) y*U,+Us((—Ng,~ Ny, +N,)
- ( - NQ3+ Nu3+ Nv)) ’)/5)‘}/#U3+Ea(( - NQLY_ Nda_ N?]) - ( - NQa+ Nda_ N77) 75)7Mda

"‘E:»;((—N%—N%_ZN”)_(—NQB*‘ Na,—2N,) ¥s) v+ ,((— Ng,—Nj —N,)

—(=Ng,+N; —N,) ¥8)Y*d ot Ja((— Ng,—Nj,#N,)=(=Ng,+N;j,+N,)ys)¥*Is]A,,. (39
The Yukawa sector here [40]
—Ly= Gabﬁlmn(raLM(LbL)m(P* )nt G::\tIaLf'-‘bRP+ )\163L~33R)(7L )\zaﬁ6aLJ,eRX* + MaasLdaRP
+ AZaaaaLuaRp* + )\3663LUBR7]+ )\4aa6a|_daR77* + H'C'! (40)
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with a,b=1,2,3 anda,8=1,2. From U(1), invariance, this
sector supplies us with the following relations betweenNhe

guantum numbers:

Nd1: Nd2: Nd3: Nd’
NQ1: NQ2: NQ,
NleNJZZNJ, (41)

and

NL,=N_=N_ =N,
Nr,=Ng,=Ng,=3N,,
N,=Ng—2N,,
Ng=Ng+N,,
No,=Ng—N;,
N3, =Ng—2N,,,
N;=Ng+ N,,. (42)
Substituting these relations into E@9) we obtain
_ e _
Lem=e€7 €A, ~ 3—,\17][( —Ng+2N,)uay*u,

—(Ng+N,)day*da+ (Ng+2N,) I37*Js

—(Ng+N,)J 73, ]A, . (43

PHYSICAL REVIEW D 60 075013

— 2e e_
Lem=e€67 €A, — ?uay”uaA#wL §day”daAM

e 2e—
+ §Jay”JaAM— ?J3WJ3AM . (45)

The largest CBGM version is based on the SU43)
®SU(4). ®U(1)y symmetry group[1l]. In it ECQ takes
place in the same way as in the first simplest version, as was
shown recently if16]. Thus the VLNE and ECQ must be
explained in the same way as in the simplest version A. We
close this section by saying that in CBGM inevitably we
explain ECQ and the structure of the electromagnetic inter-
actions.

IV. CONCLUSIONS

In this paper we have examined the correlation among
ECQ and VLNE in some gauge theory of electroweak inter-
actions in order to understand the structure of one of the four
fundamental forces of nature. Depending on the model and
on their representation content ECQ and the VLNE are
strongly correlated. This is the case with the SM with three
generations and massless neutrinos. In this case, through the
classical and quantum constraints, we do not explain neither
the ECQ nor the VLNE. Nevertheless we can understand
why the electric charge is quantized with the pattern required
by nature through a correlation among ECQ and the VLNE
obtained in Eq(18). There we can see that such a required
pattern occurs because QED is vectorial. Also such a corre-
lation shows that if we wish to explain ECQ we must require
as constraints the nonvanishing fermion masses, the anomaly
cancellations and the VLNE. In the case of Dirac-like mas-
sive neutrinos we lose such correlations in the sense that we
have the VLNE but not ECQ. In the case of Majorana-like
massive neutrinos we restore the VLNE and ECQ. In the
chiral bilepton gauge model we can explain ECQ and the

Note that, as in version A, the classical constraints lead t&/LNE together. This takes place in all versions, with or
ECQ and the VLNE in the leptonic sector while in the quarkwithout massive neutrinos, through the nonvanishing fer-

sector they lead only to the VLNE.

mion masses and anomaly cancellations. These results make

Again, as in the previous section, only one nontrivial CBGM an interesting extension of the SM. Principally we

anomaly constraint remains
[SU(3)1°U(1)N=3Ng,+3Ng,+3Ng,+N__+N__+N__

=0, (44)

which together with the relations in E¢2) givesNg=0.
This result fixes uniquely thd’s quantum numbers in func-

hope that a final theory of matter and forces explains the
VLNE and ECQ together.

ACKNOWLEDGMENTS

I thank J. C. Montero, V. Pleitez, and M. Nowakowski for
the encouragement and critical suggestions and also thank
M. C. Tijero for reading the manuscript. This work was sup-

tion N, explaining ECQ for all fermions and leading to the ported by the Coordenas de Aperfejoamento de Pessoal

VLNE

de Nvel Superior(CAPES.

[1] S. Adler, Phys. Rev177, 2426 (1969; J. S. Bell and R.

Jackiw, Nuovo Cimento 40, 49 (1969.

[2] R. Foot, G. C. Joshi, H. Lee, and R. R. Volkas, Mod. Phys.
Lett. A5, 2721(1990; R. Foot, H. Lee, and R. R. Volkas, J.

Phys. G19, 269 (1993.
[3] K. S. Babu and R. N. Mohapatra, Phys. Rev4D 271(1990.

[4] J. Sladkowski and M. Zralek, Phys. Rev.453, 1701(1992.

[5] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lé, 938
(1989.

[6] C. Q. Geng and R. E. Marshak, Phys. Rev3® 693 (1989);
C. G. Gengjbid. 41, 1292(1990; E. Golowich and P. B. Pal,
ibid. 41, 3537 (1990; S. Rudaz,ibid. 41, 2619 (1990; M.

075013-6



REMARK ON THE VECTORLIKE NATURE G . .. PHYSICAL REVIEW D 60 075013

Nowakowski and A. Pilaftsisjbid. 48, 259 (1993; N. G. [12] F. Pisano, Mod. Phys. Lett. Al, 2639(1996.
Deshpande, University of Oregon Report No. OITS-107, 197913] J. T. Liu and D. Ng, Phys. Rev. B0, 548 (1994).

(unpublished [14] J. C. Montero, C. A. de S Pires, and V. Pleitez, Phys. Rev. D
[7] K. S. Babu and R. N. Mohapatra, Phys. Rev.4R, 3866 (to be publisheg hep-ph/9812306; F. Pisano, J. A. Silva-
(1990. Sobrinho, and M. D. Tonasse, Phys. Rev. 58, 057703
[8] C. A. de S. Pires and O. P. Ravinez, Phys. Rexa8>035008 (1998; Prashanta Das and Pankaj Jaibid. 59, 055011
(1998. (1999; P. H. Frampton and Xiao-hu Guan, Mod. Phys. Lett. A
[9] F. Pisano and V. Pleitez, Phys. Rev.4B, 410(1992; P. H. 13, 2621(1998; J. C. Montero, F. V. Pleitez, and M. C. Ro-
Frampton, Phys. Rev. Let69, 2889(1992. drigues, Phys. Rev. B8, 097505(1998; 58, 094026(1998.
[10] J. C. Montero, F. Pisano, and V. Pleitez, Phys. Rev4D [15] R. Foot, O. F. Hermadez, F. Pisano, and V. Pleitez, Phys. Rev.
2918(1993; H. N. Long, ibid. 53, 437 (1996. D 47, 4158(1993.
[11] V. Pleitez, Phys. Rev. 33, 514(1996. [16] A. Doff and F. Pisano, hep-ph/9812303.

075013-7



