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Splitting between up-type and down-type quark masses via mixing with exotic fermions it ¢
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The average masses d,§,b) quarks are smaller than those of,€,t) quarks. In contrast with mechanisms
relying on different Higgs boson vacuum expectation values or different Yukawa couplings, this mass differ-
ence is explained as a consequence of mixingdg$,p) with exotic quarks implied by the electroweak-strong
unification group k.

PACS numbeps): 12.15.Ff, 12.10.Dm, 12.60.Cn, 14.89.

The currently known fermions consist of quarks,¢,t) nisms for understanding the peculiar behaviongj. Com-
with charge 2/3, quarksd(s,b) with charge—1/3, leptons prehensive studies of mixing with isosinglet quafk®,13
(e,u, ) with charge—1, and neutrinos#.,v,,»,). Some contain formalism equivalent to ours, but without raising the
proposals address certain broad features of their masses. Spessibility that down-type quark masses can be depressed by
cifically: such mixing. A relatedseesaw”) effect was used to de-

(1) The evidencd1,2] that neutrino masses are non-zeroscribe the top quark mass in a particular theory of elec-
but tiny with respect to those of other fermions may be evi-troweak symmetry breakinfl4]. We stress, however, that
dence for large Majorana masses of right-handed neutrinoghe present mechanism is distinct from the “universal seesaw
which overwhelm Dirac mass terms and lead to extremelynechanism” proposed some time addb| in which all fer-
small Majorana masses for left-handed neutrifis mion masses are depressed by mixing with isosinglet quarks.

(2) Many unified theories of the electroweak and strong We first recall some basic features of Bnd mass matri-
interactions[4] imply a relation between the masses of ces, and then describe a scenario in whidhs(b) masses
charged leptons and quarks of charg&/3 at the unification (and those of charged leptonsan be depressed by mixing
scale. Such a relation does seem to be approximately satigdth their exotic E; counterparts. Some consequences of the
fied for the members,b of the heaviest family. mixing hypothesis are then noted.

(3) The largeraverage masses of theu,c,t) quarks with The fundamental 27-dimensional representation @f E
respect to the d,s,b) quarks could be a consequence ofcontains representations of dimension 16, 10, and 1 of
different vacuum expectation values in a two-Higgs-doubletSO(10). We assume there exist three 27-plets, corresponding
model[5], where two different doublets are responsible forto the three quark-lepton families. We may regard ordinary
the masses of quarks of different chardéis.such a picture  matter(including right-handed neutrinp®f a single quark-
we would view the masses of the lightest quarks, which havéepton family as residing in an S@0) 16-plet, with SU5)
the inverted ordem(d)>m(u), as due, for example, to a content 5 +10+ 1. The additional“exotic” ) states in the
radiative effect, and not characteristic of the gross paftern. 10-plet and singlet of SQ0) are summarized in Table | for

In the present Brief Report we propose another potentiabne family. Herel | andl 3 refer to left-handed isospin and
source of difference between masses of quarks of differerits third component.
charges, which arises in unified electroweak theories based All the new states are vector-like. They consist of an iso-
on the gauge group & [6-8]. The fundamental(27-  singlet quarkh® of charge 1/3, a lepton isodoubleE {, vg),
dimensiongl representation of this group contains additionalthe corresponding antiparticles, and a Majorana neutrino
quarks of charge-1/3 and additional charged and neutral For simplicity we consider only mixings within a single
leptons, but no additional quarks of charge 2/3. We havdamily, which we shall denoteu;d,e,v.). We shall discuss
identified a simple mixing mechanism which can depress thenly mass matrices of charged fermions. The neutral lepton
average mass ofd(s,b) quarks(and charged leptopsvith ~ sector is of potential interest since it contains possibilities for
respect to that ofy,c,t) quarks without the need for differ-
ent Higgs vacuum expectation values. This mixing can occur
in such a way as to have minimal effect on the weak

TABLE I. Exotic fermions in a 27-plet of E.

charged-current and neutral-current couplings of quarks an&o(lo) SUs) State Q L a
leptons, but offers the possibility of observable deviations 1g 5 he 1/3 0 0
from standard couplings if the new states participating in the E- -1 1/2 —1/2
mixing are not too heavy. ve 0 1/2 1/2
The proposed mechanism was first observed in Fgf. 5 h 13 0 0
Similar mixing with isosinglet quarks was discussed in Refs. E+ 1 1/2 1/2
[10] and[11], but with different emphase@cluding mecha- e 0 1/2 12
1 1 Ne 0 0 0

*Permanent address.
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TABLE Il. Simplest transformation properties of terms. . A+ A,= m§+ m§+ M %4_ M g,
Term SQ10) SU(5) A ho=(Myms—M,m,)2. )
m, 10 5

m, 16* 5 _ Suppose, to pegin with, th&g andhg pair up to form a
M, 16* 1 Dlrac_pamcle with large rr21asM2>(M1ém2,m3). The_n the
M, 1 1 tyvo eigenvalues a_rﬁlzmz_and No=M3, corres_pondlng to
light and heavy Dirac particled and h, respectively. If we
label basis states with zeros as subscripts, and physical states
“sterile” neutrinos not excluded by the usual cosmological Without subscripts, this solution correspondsde d,, h
and accelerator-based experimental considerafibéls =h,, for both left-handed and right-handed states.
The simplest mass is that of thequark, which cannot For the more general case whevl is not negligible in
mix with any other. The simplest Higgs representation givingcomparison withM,, we can write

rise to m, belongs to the[27*,10,5°] of [Eg, SO(10), )
SU(5)]. ’ J [ ] [Ee, SQ10 M;=M cosf#, M,=M sinég,

The corresponding mass matrix for quarks of charge
—1/3 takes account of the possible mixing between non-
exotic d and exotich quarks. Its most general form can be Then form<M. we have
written ’

M3;=MCO0S¢, My,=msindg. (©)]

A=m?coS(0+ ¢), N,=m?sir?(6+ p)+M?2.  (4)

M; M

dr
hr

_ dr| — _
[de h M d[hR =[dv hL][ - @ This is our central result. It is possible to chooge ¢ in

such a way that the down-type quark mass is arbitrarily small
Here small letters refer tal, =1/2 masses, which are ex- in comparison withm, whose value is a typical electroweak
pected to be of electroweak scale or less, while large letterscale(as in the case ahy;). The opposite situation, in which
refer to Al =0 masses, which can be of any magnitudeup-type quarks are lighter than down-type quarks, is unnatu-
(including the unification scaleWe shall assumen,<M;. ral in the present scheme. In order to reproduce the hierarchy
If the masses in Eq(l) arise through vacuum expectation m,/m;=0.03, one must choose c@s(¢) to be correspond-
values of a Higgs 27-plet (the simplest possibility their  ingly small. The need for this “fine-tuning” should then be
transformation properties are summarized in Table II. regarded as a guide to possible additional symmetries of the

Two distinct unitary transformations diagonalize problem.

MIMIT and M 9T M. For each of these, the eigenvalues The physical right-handed statedg(hg) are eigenstates

N\, and\, satisfy of the matrix
|
m?sirt ¢+ M?cos 6 m?cosd¢ sin ¢+ M2cosé sin 6
MM = m2cosd¢ sin ¢+ M?cosé sin 6 m?cos ¢+ M?2sirt g : (5)
|
For M>m the approximate eigenstates are d =dy —(m/M)sin( 6+ ¢)hg_,
dstin GdOR—COSHhOR, hR=COSt9dOR+ sin HhOR. hLz(m/M)SW\( 0+ (f))dm_"’ hOL' (8)
(6)

Thus, form<M, there is little mixing between the isosinglet
In the limit 6= =/2 in which M,>M,, leading to a large and isodoublet quarks, and hence little violation of unitarity
Dirac mass for the exotic quark, one thus hasdg  Of the Cabibbo-Kobayashi-Maskaw&KM) matrix. Some

=dgr, hr=hogr. consequences of this mixing have been explored, for ex-
The physical left-handed stated, (,h,) are eigenstates of ample, in Refs.[7-13,17. The mixing parameter{
the matrix =(m/M)sin(6+ ¢) and the suppression dftype masses are
both maximal for+ ¢= * m/2.
m? mM sin( 6+ ¢) The production ohh pairs in hadronic collisions should
MIAMIT= MM sin( 6+ ) M2 . (70 be governed by standard perturbative QCD, which gives a

reasonable account of top quark pair producfib8]. For the

data sample of approximately 100 phobtained iancoI—
specifically lisions at a center-of-mass energy of 1.8 TeV in run | at the
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Fermilab Tevatron, it should be possible to observe or exwithout the need for differences in Higgs vacuum expecta-
clude values ofn(h) well in excess ofm(t) [19]. It may also  tion values or in values of the largest Yukawa coupling for
be possible to produce or excludlequarks singly through each type of fermion. This mechanism relies on mixings be-
the neutral flavor-changing interaction at the CERNe™  tween ordinary fermions and their exotic counterparts in
collider LEP I via the reactiore®e”—Z* —h+(d,s,b). Es multiplets. It may be of use in building more realistic
Both charged-current decays—W+ (u,c,t) and neutral- models of quark and lepton masses. Although the exogic E
current decaysh—Z+(d,s,b) should be characterized by fermions need not be accessible to present experimental
multiple leptons and missing energy in an appreciable fracsearches in order for this mechanism to be effective, they
tion of events. could well be observable in forthcoming searches at the Fer-

The mixing proposed here applies in an almost identicanijlab Tevatron, the LEP Ié*e™ collider, or the Large Had-
manner to the charged leptons under suitable replacemenign Collider under construction at CERN.

The charged leptons’ masses, just like those of dtgpe ) ]
quarks, thus may be depressed relative to their unmixed val- | am indebted to T. AndreF. del Aguila, B. Kayser, R. N.
ues. One could expect small modificationsright-handed ~ Mohapatra, S. T. Petcov, T. Rizzo, and L. Wolfenstein for
lepton couplings since one is then mixing an isosinglet useful discussions. | wish to thank the Institute for Nuclear
with an isodoublet. Theory at the University of Washington for hospitality dur-
To conclude, we have presented a mechanism which adng this work, which was supported in part by the United
counts for the depression in the average masses of down-tyj8tates Department of Energy under Grant No. DE FGO02
quarks and charged leptons relative to that of up-type quark®0ER40560.
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