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Splitting between up-type and down-type quark masses via mixing with exotic fermions inE6

Jonathan L. Rosner
Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195

and Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago, Illinois 60637*
~Received 26 July 1999; published 6 April 2000!

The average masses of (d,s,b) quarks are smaller than those of (u,c,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 mixing of (d,s,b) with exotic quarks implied by the electroweak-strong
unification group E6 .

PACS number~s!: 12.15.Ff, 12.10.Dm, 12.60.Cn, 14.80.2j
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The currently known fermions consist of quarks (u,c,t)
with charge 2/3, quarks (d,s,b) with charge21/3, leptons
(e,m,t) with charge21, and neutrinos (ne ,nm ,nt). Some
proposals address certain broad features of their masses.
cifically:

~1! The evidence@1,2# that neutrino masses are non-ze
but tiny with respect to those of other fermions may be e
dence for large Majorana masses of right-handed neutri
which overwhelm Dirac mass terms and lead to extrem
small Majorana masses for left-handed neutrinos@3#.

~2! Many unified theories of the electroweak and stro
interactions @4# imply a relation between the masses
charged leptons and quarks of charge21/3 at the unification
scale. Such a relation does seem to be approximately s
fied for the memberst,b of the heaviest family.

~3! The larger~average! masses of the (u,c,t) quarks with
respect to the (d,s,b) quarks could be a consequence
different vacuum expectation values in a two-Higgs-doub
model @5#, where two different doublets are responsible
the masses of quarks of different charges.@In such a picture
we would view the masses of the lightest quarks, which h
the inverted orderm(d).m(u), as due, for example, to
radiative effect, and not characteristic of the gross patter#

In the present Brief Report we propose another poten
source of difference between masses of quarks of diffe
charges, which arises in unified electroweak theories ba
on the gauge group E6 @6–8#. The fundamental~27-
dimensional! representation of this group contains addition
quarks of charge21/3 and additional charged and neutr
leptons, but no additional quarks of charge 2/3. We h
identified a simple mixing mechanism which can depress
average mass of (d,s,b) quarks~and charged leptons! with
respect to that of (u,c,t) quarks without the need for differ
ent Higgs vacuum expectation values. This mixing can oc
in such a way as to have minimal effect on the we
charged-current and neutral-current couplings of quarks
leptons, but offers the possibility of observable deviatio
from standard couplings if the new states participating in
mixing are not too heavy.

The proposed mechanism was first observed in Ref.@9#.
Similar mixing with isosinglet quarks was discussed in Re
@10# and@11#, but with different emphases~including mecha-
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nisms for understanding the peculiar behavior ofmd). Com-
prehensive studies of mixing with isosinglet quarks@12,13#
contain formalism equivalent to ours, but without raising t
possibility that down-type quark masses can be depresse
such mixing. A related~‘‘seesaw’’! effect was used to de
scribe the top quark mass in a particular theory of el
troweak symmetry breaking@14#. We stress, however, tha
the present mechanism is distinct from the ‘‘universal sees
mechanism’’ proposed some time ago@15# in which all fer-
mion masses are depressed by mixing with isosinglet qua

We first recall some basic features of E6 and mass matri-
ces, and then describe a scenario in which (d,s,b) masses
~and those of charged leptons! can be depressed by mixin
with their exotic E6 counterparts. Some consequences of
mixing hypothesis are then noted.

The fundamental 27-dimensional representation of6
contains representations of dimension 16, 10, and 1
SO~10!. We assume there exist three 27-plets, correspond
to the three quark-lepton families. We may regard ordin
matter~including right-handed neutrinos! of a single quark-
lepton family as residing in an SO~10! 16-plet, with SU~5!
content 5* 11011. The additional~‘‘exotic’’ ! states in the
10-plet and singlet of SO~10! are summarized in Table I fo
one family. HereI L and I 3L refer to left-handed isospin an
its third component.

All the new states are vector-like. They consist of an is
singlet quarkhc of charge 1/3, a lepton isodoublet (E2,nE),
the corresponding antiparticles, and a Majorana neutrinone .

For simplicity we consider only mixings within a singl
family, which we shall denote (u,d,e,ne). We shall discuss
only mass matrices of charged fermions. The neutral lep
sector is of potential interest since it contains possibilities

TABLE I. Exotic fermions in a 27-plet of E6 .

SO~10! SU~5! State Q IL I 3L

10 5 hc 1/3 0 0
E2 21 1/2 21/2
nE 0 1/2 1/2

5* h 21/3 0 0
E1 1 1/2 1/2

n̄E
0 1/2 21/2

1 1 ne 0 0 0
©2000 The American Physical Society03-1
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‘‘sterile’’ neutrinos not excluded by the usual cosmologic
and accelerator-based experimental considerations@16#.

The simplest mass is that of theu quark, which cannot
mix with any other. The simplest Higgs representation giv
rise to mu belongs to the@27* ,10,5* # of @E6, SO~10!,
SU~5!#.

The corresponding mass matrix for quarks of charg
21/3 takes account of the possible mixing between n
exotic d and exotich quarks. Its most general form can b
written

@ d̄L h̄L#M dFdR

hR
G5@ d̄L h̄L#F m2 m3

M1 M2
GFdR

hR
G . ~1!

Here small letters refer toDI L51/2 masses, which are ex
pected to be of electroweak scale or less, while large let
refer to DI L50 masses, which can be of any magnitu
~including the unification scale!. We shall assumemi!Mi .
If the masses in Eq.~1! arise through vacuum expectatio
values of a Higgs 27* -plet ~the simplest possibility!, their
transformation properties are summarized in Table II.

Two distinct unitary transformations diagonaliz
M dM d† andM d†M d. For each of these, the eigenvalu
l1 andl2 satisfy

TABLE II. Simplest transformation properties of terms inM d.

Term SO~10! SU~5!

m2 10 5
m3 16* 5
M1 16* 1
M2 1 1
f
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l11l25m2
21m3

21M1
21M2

2 ,

l1l25~M1m32M2m2!2. ~2!

Suppose, to begin with, thath̄L andhR pair up to form a
Dirac particle with large massM2@(M1 ,m2 ,m3). Then the
two eigenvalues arel1.m2

2 andl2.M2
2, corresponding to

light and heavy Dirac particlesd and h, respectively. If we
label basis states with zeros as subscripts, and physical s
without subscripts, this solution corresponds tod5d0 , h
5h0, for both left-handed and right-handed states.

For the more general case whereM1 is not negligible in
comparison withM2, we can write

M15M cosu, M25M sinu,

m35m cosf, m25m sinf. ~3!

Then form!M , we have

l1.m2cos2~u1f!, l2.m2sin2~u1f!1M2. ~4!

This is our central result. It is possible to chooseu1f in
such a way that the down-type quark mass is arbitrarily sm
in comparison withm, whose value is a typical electrowea
scale~as in the case ofmt). The opposite situation, in which
up-type quarks are lighter than down-type quarks, is unna
ral in the present scheme. In order to reproduce the hiera
mb /mt.0.03, one must choose cos(u1f) to be correspond-
ingly small. The need for this ‘‘fine-tuning’’ should then b
regarded as a guide to possible additional symmetries of
problem.

The physical right-handed states (dR ,hR) are eigenstates
of the matrix
M d†M d5F m2sin2f1M2cos2u m2cosf sinf1M2cosu sinu

m2cosf sinf1M2cosu sinu m2cos2f1M2sin2u G . ~5!
t
ity

ex-

s a

the
For M@m the approximate eigenstates are

dR.sinud0R2cosuh0R , hR.cosud0R1sinuh0R .
~6!

In the limit u5p/2 in which M2@M1, leading to a large
Dirac mass for the exotic quarkh, one thus hasdR
5d0R , hR5h0R .

The physical left-handed states (dL ,hL) are eigenstates o
the matrix

M dM d†5F m2 mM sin~u1f!

mM sin~u1f! M2 G , ~7!

specifically
dL.d0L2~m/M !sin~u1f!h0L ,

hL.~m/M !sin~u1f!d0L1h0L . ~8!

Thus, form!M , there is little mixing between the isosingle
and isodoublet quarks, and hence little violation of unitar
of the Cabibbo-Kobayashi-Maskawa~CKM! matrix. Some
consequences of this mixing have been explored, for
ample, in Refs. @7–13,17#. The mixing parameterz
[(m/M )sin(u1f) and the suppression ofd-type masses are
both maximal foru1f56p/2.

The production ofhh̄ pairs in hadronic collisions should
be governed by standard perturbative QCD, which give
reasonable account of top quark pair production@18#. For the
data sample of approximately 100 pb21 obtained inpp̄ col-
lisions at a center-of-mass energy of 1.8 TeV in run I at
3-2
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Fermilab Tevatron, it should be possible to observe or
clude values ofm(h) well in excess ofm(t) @19#. It may also
be possible to produce or excludeh quarks singly through
the neutral flavor-changing interaction at the CERNe1e2

collider LEP II via the reactione1e2→Z* →h1(d̄,s̄,b̄).
Both charged-current decaysh→W1(u,c,t) and neutral-
current decaysh→Z1(d,s,b) should be characterized b
multiple leptons and missing energy in an appreciable fr
tion of events.

The mixing proposed here applies in an almost ident
manner to the charged leptons under suitable replacem
The charged leptons’ masses, just like those of thed-type
quarks, thus may be depressed relative to their unmixed
ues. One could expect small modifications ofright-handed
lepton couplings since one is then mixing an isosinglee
with an isodoubletE.

To conclude, we have presented a mechanism which
counts for the depression in the average masses of down
quarks and charged leptons relative to that of up-type qua
an
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without the need for differences in Higgs vacuum expec
tion values or in values of the largest Yukawa coupling
each type of fermion. This mechanism relies on mixings
tween ordinary fermions and their exotic counterparts
E6 multiplets. It may be of use in building more realist
models of quark and lepton masses. Although the exotic6

fermions need not be accessible to present experime
searches in order for this mechanism to be effective, t
could well be observable in forthcoming searches at the F
milab Tevatron, the LEP IIe1e2 collider, or the Large Had-
ron Collider under construction at CERN.

I am indebted to T. Andre´, F. del Aguila, B. Kayser, R. N.
Mohapatra, S. T. Petcov, T. Rizzo, and L. Wolfenstein
useful discussions. I wish to thank the Institute for Nucle
Theory at the University of Washington for hospitality du
ing this work, which was supported in part by the Unite
States Department of Energy under Grant No. DE FG
90ER40560.
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