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A dualized standard model recently proposed affords a natural explanation for the existence of Higgs fields
and of exactly 3 generations of fermions, while giving at the same time the observed fermion mass hierarchy
together with a tree-level CKM matrix equal to the identity matrix. It further suggests a method for generating
from loop corrections the lower generation masses and nondiagonal CKM matrix elements. In this paper, the
proposed calculation is carried out to 1-loop. It is found first that with the method suggested one can account
readily for the masses of the second generation fermions as “leakage” from the highest generation. Then, with
the Yukawa couplings fixed by fitting the masses of the 2 higher generations, one is left with only 2 free
parameters to evaluate the CKM matrix and the masses in the lowest generation. One obtains a very good fit
to the CKM matrix and sensible values for the massed ahd e, though, for a valid reason, not of. In
addition, the fitted values of the Yukawa couplings and vacuum expectation values of the dual color Higgs
fields show remarkable features perhaps indicative of a deeper signifif80&&6-282198)00713-9

PACS numbegs): 12.15.Ff

[. INTRODUCTION example, the thre&-type quarks; the experimental values
guoted in the latest data booklet] for the masses df, c,

Up to the present, the standard model has worked excend u respectively are 1765 GeV, 1.0-1.6 GeV, and
tionally well, there being no experimental fact we know of 2—8 MeV, dropping by more than two orders of magnitude
which is demonstrably contradictory to its predictions. Nev-from generation to generation. Then, second, there is the
ertheless, the standard model contains in itself a number afixing problem, say, between thétype andD-type quarks
unsatisfactory features, which are widely recognized as suchhrough the Cabibbo-Kobayashi-Maskaw@&KM) matrix
For example, at the more fundamental level, Higgs fields ar¢2,3], which though tantalizingly close to the identity matrix
introduced to break the electroweak symmetry and fermionss yet not the identity, with its off-diagonal elements varying
are assumed to exist in three generations or families to filh magnitude from about 20% to about 3 per mill]. These
observation without theoretical reasons being given for whyempirical facts, of course, are all of the greatest phenomeno-
it should be so. Compared with the intrinsic gauge structuréogical significance and cry out for a theoretical explanation
and the existence of the gauge bosons in the theory, both &fut are not given one in the standard model as usually for-
which have deep geometric significance, the assumptionsulated.
about Higgs fields and fermion generations appahihoc In the literature, answers to these questions are often
At the more practical level, this situation is reflected in thesought for from beyond the standard model, but with, to our
large number of independent parameters which have to beiind, no obvious great success. The difficulty is that, there
determined by experiment. In addition, these parameters exeing more freedom working outside the standard model
hibit some quite startling patterns which are still unex-framework, one often ends up by putting in more than one
plained. In particular, there is first the so-called fermion hi-gets out. Recently, however, a suggestion was made for a
erarchy puzzle, namely that fermions of the same type busolution of the above problems from within the framework of
different generations have widely different masses. Take, fothe standard model itself which, if at all possible, would at

least have the advantage of economy and restraint. In this
suggestion4], one first made use of a newly discovered

*Email address: bordes @ evalvx.ific.uv.es generalized electric-magnetic duality for Yang-Mills fields
TEmail address: chanhm @ v2.rl.ac.uk [5] together with a well-known result of 't Hooft on confine-
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SEmail address: jakov @ thphys.ox.ac.uk fermion generations, with Higgs fields appearing as frame
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appearing as dual color. As an immediate consequence, one The result of the fit reveals also 2 intriguing features,
then deduced that fermions will occur in exactly three gennamely (a) a close proximity of the normalized vector
erations and that the generation symmetry will be broken, aéx,y,z) to one of its fixed points (1,0,0) to an accuracy of
experimentally observed. Moreover, with one more simpleabout 1 part in 10 000 antb) the near equality to a few
assumption about the dual hypercharges of the dual Higggercent accuracy of the fitted values of @ie for all 3 fitted
fields, it was shown that there will be a fermion mass hier-fermion types(i.e. U, D and the charge leptong.\We think
archy and that the CKM matrix would be the identity at thethese may be indicative of a hidden symmetry which we
tree level, but that loop corrections would lift the above tree-have not yet understood.

level degeneracy to give small but nonzero values both to the

lower generation fermion masses and to the off-diagonal Il. FRAMEWORK

CKM matrix elements.

The purpose of the present paper is to push further in this
direction to make a first attempt at actually evaluating quar : . . . .
masses and CKM matrix elements for comparison with ex-o!Jnd In [4].' ngerahzed electrlc—magnetlc duality as ob-
periment. The calculation is here carried out to the 1_|00pta|ned in[3] |m£I_|'es that, dual to color in the standard model,
level. Out of the many 1-loop diagrams we have examined, ithere is also a&U(3) symmetry for dual color. The charges
turns out first that some, which affect only the normalizationof this dual symmetry are color monopoles and its mono-
of the fermion mass matrix but not its orientation, are largePoles are color charges. Using then the well-known result of
due to the large dual gauge coupling and cannot be evaluatedHooft [6], one concludes from the fact that color is con-
perturbatively. Since it is only the orientation in flavor spacefined that dual coloSU(3) is spontaneously broken via the
which is of the most interest to us as far as the CKM matrixHiggs mechanism. The proposal was that this broken dual
is concerned, it is profitable at present to abandon calculatingolor symmetry be identified with what is sometimes re-
the normalization of the mass matrix and concentrate solelferred to in the literature as the “horizontal symmetry” re-
on its orientation. This has the benefit of allowing us to ig-lating the generationg’,8].
nore those diagrams affecting only the normalization, reduc- Now it so happens that in the dual frameworl{ 4f there
ing thus the number of free parameters in the problem. Seare scalar fields occurring which have the right properties to
ond, it happens that of the remaining diagrams affecting thelay the role of Higgs fields, these being the frame vectors in
orientation of the fermion mass matrix, most are negligible ifthe SU(3) internal space. They constitute altogether 3 dual
we put in the estimate for the dual gauge boson mass o, . triplets, which we denote by)ia) , with a=1,2,3 rep-
tained from the absence of flavor-changing neutral decays, . . a
As pointed out already if4], the exchange of the dual gauge rgsentmg the dual color. Wh'.Ch labels thg 3. compo_nents ofa
bosons would give rise to flavor-changing neutral currem”!plet and @)=1,2,3 being just a label _d's"ngu'Shm%] the 3
(FCNO) effects, and experimental constraints put a lowerriplets. We want the vacuum expectation valuessif! to
bound on the lowest dual gauge boson mass of several 1dorm an orthogonal triad, as is appropriate for the 3 vectors
TeV. which make up ar5U(3) frame. We need therefore a Higgs

What remains then is basically just the Higgs loop dia-potential which gives these vacuum expectation values as
gram which matters for our present investigation. This deminima. The following was suggesté¢d]:
pends on a Yukawa coupling strength one for each fer- X

 ovr]
(a)

We begin with a short account of the dual framework on
hich the calculations are based, the details of which can be

mion type, a mass scale; which may be identified as the
highest generation mass, again one for each fermion type,
and last the 3 vacuum expectation valugg/(z) of the dual
color Higgs fields which are common to all fermion types. . E @(a) $D)2
We ascertain first that the masses of the second generation (S £(b) ' '
fermions can indeed be obtained as a “leakage” from the

highest generation, as suggested4h with a Yukawa cou- With u, N and « all positive. The minimum ofV occurs
pling strengthp of order unity for each fermion type. We When the ¢® are mutually orthogonal anc | ¢®|?
then fixed their values by fitting thegés to the empirical = u/2\, independently of the individual lengths of the dif-
values of the masses of the second generation. Next, of tHerent¢®’s. Thus, a vacuum can be chosen as
remaining parameterx{y,z), it was shown that the calula-

tion is independent of their normalization to a high accuracy. X 0 0
With then only 2 free parameters, we had to calculate the  ¢M=¢| 0|, ¢@P=¢|y|, ¢P=¢| 0],
CKM matrix and the fermion masses of the lowest genera- 0 0 .
tion. A very good fit to the absolute values of all CKM

elements was obtained together with some ratios and prod-

ucts of these elements measured independently. In additiogjth

in spite of the lack of knowledge on the scale dependence of

the normalization of the mass matrix, sensible estimates were L= ul2\ (2.3
obtained for all the lowest generation fermions except for the

u quark. and

VI#l=—n2 |62+ 2

2.9

(2.2
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X2 +y?+72=1, (2.4 i ij

which will in general break both th8U(3) symmetry and

the permutation symmetry between the differesi®)’s. In @) (b)
our calculation here we shall use explicitly this potential al-
though we recognize that it has no claim for uniqueness. We
shall show, however, that the result will not depend much on
its detailed properties.

As in [4], left-handed fermions are assigned to dual color ? 5
triplets and right-handed fermions to dual color singlets. We @ Q

have thus the Yukawa coupling term

% Yoy 2 (EL)E(ﬁ%a)(lﬁR)[b]+H.C., (2.5 © (@ e
(a)

FIG. 1. One loop corrections to the fermion mass matrix, where
where we have suppressed both color and weak isospin ikolid lines represent fermions, wavy lines dual gauge bosons and
dices which are irrelevant for our discussion here. Insertingiotted lines dual color Higgs fields.
then the vacuum expectation values given in @) for the
Higgs fields, we have at the tree level the following factor-

ized fermion mass matrix: as explained ifi4]. This is what we wish now to examine in
detail.
X
m={{ Y [(a,b,c), (2.6)
V4 I1l. ONE-LOOP DIAGRAMS

Our fermions carry in fact weak isospin and in the case of

Y[2;=b, Y{5=c. The matrix being of rank 1, it follows that quarks also color, so that in principle there will be loop cor-

mm' has only one non-zero eigenval{@], namely p2¢2, rections coming from color gluon and elgctroweak boson
with loops. However, as far as the CKM matrix and the lower

generation fermion masses are concerned, only those dia-
— FERTNY: 2 2 grams which rotate the mass matrix with respect to dual
p=nlal*+|b|*+|c| (2.7 . e mass . :
color (i.e. the generation indéxvill matter. Since neither the

implying thus immediately a mass hierarchy with one fer-c0lor gluons nor the gauge and Higgs bosons in the elec-
mion state much higher in mass than the other two. FurtheffoWeak sector carry dual color, they cannot rotate the gen-
more, the first factor irm, being given in terms just of the €ration index, and hence will leave both factésh) of the

Higgs vacuum expectation valuasy,z, is independent of mass matrix intact, affecting at most its normalization. As we
the fermion type, i.e. of whether i’t ’itJ-type or D-type shall see, there are other reasons why we cannot in any case

quarks or leptons that we are dealing with, although the sec®"¢€mM ourselves Wi.th the normalizatiqn of the mass matrix.
ond factor, given in terms of the Yukawa couplings b, There is thus no point for us to consider gluqn and elec-
andc, does depend on the fermion type. As a consequencér,oweak_ boson Iopps any further. Ther_e remain then only
one obtains that the CKM matrix, which depends only on thetho_se diagrams with dual gauge an_d ng_gs t_)oson loops, of
relative orientation of the firgteft-handed factors of respec- which all th_ose Of. 1-loop order are !'Sfted In F|g: L.

tively the U-type andD-type quarks, is at the tree level just Let us first write down the explicit expressions for the

the identity matrix. This was already discussed in detail incorrectipns 'to the fefmion mass matrix arising frpm the dia-
[4] grams in Fig. 1. This has been done already in a general

What we need to do now is to go beyond the tree Ieveframework by Weinber12] who expressed the answer as a

and look at loop corrections. As pointed out[#], because sum of five terms:

of the special manner in which the fermions here are coupled

to the dual gauge and Higgs bosons, loop corrections do not sm=—3AD_3A)_3AD 335D (3.1)
destroy the factorizability property of the tree-level mass

matrix! Nevertheless, they will modify the firgieft-handed  where

factor in Eq.(2.6) and hence give rise to a nontrivial CKM

matrix and nonzero masses to the lower generation fermions

where we have abbreviated the Yukawa coupliNgs=a,

1
1672

1 _
3 (A= > f dx{ — 2mty(1—x)
N Jo

IAs a result, the mass matrix has two zero eigenvalues so that any
6 vacuum can be rotated away and the str@abB problem is
avoided[10].

2 4 2th_
MN 1—x | N

+ 47’4t—r\174m} In
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S (Ad) —
6.2 N]74
+ vl 7’4m:t_N] mj}
22 m2x2
_ 2
{15 e 5
X74[‘}’4mvt_N]:
SAN= St v
2(4)1):_16 22 J dX{—(1=X)MysLkv4
+Tm} In {m>+M2(1-x)}Tg,
s (T ij?[fk”(MZ In M?),,

—16Tr(m® In mI';)

+6% (gﬁl)\)]MN In MN] 3.2
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Y[b]% Zaq%a)w[b] +H.c., (3.3
a

[b]
instead of the left- and right-handed components as in Eq.
(2.5, one obtains a mass matrix of the form

My =Mz (1+ y5)+m —(1 Vs5), (3.9
containing factors inys;. However, since the labels on the
right-handed components have actually no physical signifi-
cance, one can relabel them such as to makElermitian
and hence obtain the mass matrix in the form

X

y
z

mW:pg (X,y,Z), (35)

which has noys in it, and is essentially just the square root
of mm' in terms of them previously defined. We notice that
myy remains a factorized matrix, which property is crucial for
our discussion later. In the calculations which follow, when
no confusion is likely to occur, we shall drop the subscvipt
from the Weinberg mass matrix.

Next, the mass matrix for the dual gauge bosons has al-
ready been worked out it]. This 9X9 matrix is diagonal
for «e=N=1,2,4,5,6,7, as labelled by the Gell-Mann matri-

ces\,, of SU(3), with eigenvalues

As they are written, these formulas depend on the energy

scale, the significance of which will be elucidated later.

The above formulas depend also on the following quanti-
ties, the explicit forms for which have yet to be specified: the

fermion mass matrixn, the eigenvalueg,N=0, .. .,8, of

the dual gauge boson mass matrix, the Higgs boson mass

matrix M;; and its eigenvalue#l, K=1,...,9, thefer-
mion couplings to the dual gauge bosdgsand to the Higgs
bosonsI'; or 'k, and then the Higgs bosons’ couplings to

themselved,;; and to the dual gauge bosong,z\,Q\)j. We
proceed to do so now.

JM5=—7—VZ+ X5,
M4, M5 2

93¢
M7= %\/yz"' z. (3.9

The fermion mass matrix Weinberg defined somewhat

differently from that given above in Eq2.6). Writing the
Yukawa coupling in terms of the full fermion fielg, thus,

,-.,2 ~2

The remaining X 3 nondiagonal block in? as labelled by
N3, Ag and\o= 321 reads as

S0y [ﬁx y?) - =3 £0¢-y?

95 92 9103

\/—é“( x?—y?) 12§ (X?+y?+47%) 3\/—52(X +y?=22%) |, (3.7
-~ = 2

919352( ) ilj—sé (X2 +y?—27%) ng(x2+y2+22)
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the eigenvalues of which we label hyf ,N=3,8,0 with  Finally, there is a X3 block labelled by#{,$%3,¢%),
eigenvectorsC , such that the entries of which are all zero. All the first seven blocks are
of rank 1 and have each only one nonzero eigenvalue, giving
2 Cont 12 C o= 128 3.9 thus forM? altogether 11 zero modes, 9 of which, namely
w b0 N FapBNT ANONN ' one each from each block except the first and last and all 3
from the last, are absorbed by the dual gauge bosons, leaving
The diagonalization of this matrix we shall perform only 2 from the first block. These 2 remaining zero modes come
with explicit values for the parameters. from an “accidental symmetry” of the vacuum, not from a
The Higgs fields4'” represent 9 complex degrees of Symmetry of the potential.1), as explained iri4], and are
freedom, which we write, following Weinberg’s convention, therefore not absorbed by the gauge bosons. We are then left

as 18 real fields: thus with 7 Higgs bosons coming one from each of the first seven
' blocks which we label in that order with their eigenvalues
d)ga): (bga) +i ¢g;) (3.9 and eigenvectors each in its own block,
a al a2 -’ '

_1- 2021 \2.4 52
From these and the potentis[ ¢] in Eq. (2.1), the Higgs K=l BAEOCHY™2) - (xy.2),

boson mass matrix is given by K=2: 4xlX(y?*+7%) (y,2)
92V _a- 200,21 52 _
MZ:[W , (3.10 K=3: 4k{«(y-+z°) (y,—2),
ar s Ly acuum K=4: 4xl3(2+x%) (z,%),
which breaks up into 8 diagonal blocks as follows. First, K=5: 4x{A(22+x%) (z,—X)
there is a X 3 block labelled byg{},¢%3, #%): ' B
K=6: 4xl3(x*+y?
X xy Xz 6: AkE(XTHYT) (XY,
s\l yx ¥ oyz). (3.11) K=7: 4xP(X*+y?)  (x,-y), (3.19
zx zy 2 while the two remaining zerdpseudo Goldstonemodes

coming from the first block will be assigned the following

. 3 2).
Second, there is @22 block labelled byp{*, {1 eigenvectors in the original basis of that block:

2
o yz — —X(x+y+
4K§2( 22). (312 y=z 1=x(xty+2)
i ve)=—B| =% |, [ve)=p| 1-y(x+y+2) |,
Third, there is a X 2 block labelled byg$Y), $3: X=y 1-z(x+y+2) 519
2
1 4 ,
4K§2(_Zy 2 ) (313 With
B 2=3—(x+y+2)% (3.20

Fourth, there is a 22 block labelled byg$, {3 : _
' ' Next, the couplings of the dual gauge bosons to the fer-

72 7x mions are, in Weinberg’'s convention,
4K§2( x2) (3.14 o
Xz ty=ty, N=1,2456,7,
Fifth, there is a X 2 block labelled byp{), ¢{3): —
y¢3’2 ¢l,2 tN:C3Nt3+ CSNt8+ CONtO! N:3,8,0,
2( yia —zx) (3.21)
4 3.1
w¢ -xz X (3.19 where
Sixth, there is a X 2 block labelled by®{?), #S4): 9s 1
' ' t,=— 5 N,5(1—7y5), a=1, ,8,
5 2 "2
2( X xy) (3.16
4kl . . -
yx Y 29, 1
to:TE(l—)’s)- (3.22

Seventh, there is a322 block labelled by, ¢S :

5 The coefficient€;y,Cgy ,Con are as defined in Eq3.8).
bicg? X Xy (3.17) The couplings of the Higgs bosons to the fermions as
—yx Yy ' extracted from the Yukawa coupling8.3), expressed in

013004-5
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terms of the real Higgs field.9), and rotated to the basis

wherem is Hermitian or wheran, has noys, are

L Xy z L x 0
Fﬁ)=§(l+75)p 0 0 0)J+5(2-y)p| Y O
0 0 O z O
) Xy z 0
i
F(f?=§(1+75)p 0 0 —5(1=y)p| Yy O
z
0 0 0
@ 1 1
F21=§(1+7’5)P X'y z +§(1_’}’5)P 0
0 O 0 z
_ 00 0, | 0 x
i i
F(z?:z(lJer)p —5(1=7s)p| O
0 0 z
0O 0 O 0 O
(a) ! 0O 0 O ! 0 0
F31:§(1+75)P +§(1—75)P
Xy z 0 O
_ 00 0, | 0 0
i i
Fg=5(1+y5)p( 0 0 0 =5(1=y5)p| 0 0
0 O

z

(3.23

which are independent of the superscri@}.(Notice that the
three indices §)=1,2,3,a=1,2,3,r=1,2 here are to play
together the role of the indax=1, . . .,18 in thformula for

PHYSICAL REVIEW D 58 013004

] 0
|
|03>= Vi 2 y 1
y+Z _
B 1
|U4>— 21 2 )
V4
. —X
vg) = ———| O
U = H
° Z°+X
Z
log)= | ¥
U = b
R
. X
o7y = — y
v = - H
7T,

(3.2

while [vg) and|vg) are already given in Eq$3.19.
There remains then for us to specify only the couplings

(5,2@\)]- of the gauge fields to the Higgs fields and the cou-
plings f,; of the Higgs fields to themselves, both occurring
in the tadpole tern® ™ in Egs. (3.2. The calculations for
these are somewhat tedious, especiglly which has alto-
gether 18 18X 18 entries, most of which are zero. Since the
calculation is straightforward and their actual values will not
be needed for our calculation later, here we shall give only
those results which are relevant for our considerations. For
instance, one does not need to include in the sum Kvitre

2T in Egs.(3.2). Alternatively, when expressed in terms of zero modeg3.19 [12]. For the rest, it is easier to state the
the basis formed by the eigenstates of the Higgs mass matrpgsult in terms of the basis formed by the eigensté@esd
M as listed in Egs(3.18 and (3.19, we have the same of the Higgs mass matrix than in terms of the original basis

couplings in the form to be used Bi** of Egs.(3.2):

— -1 _Tl
FK=7K§(1+75)+7K§(1_7’5)1
where
;KZP|UK><01|
and
X
lop={VY],
y4

0

1
ar——— y H
v2) V2t 22 s

(3.29

(3.25

labelled by the three indicesa)=1,2,3,2=1,2,3,r=1,2
corresponding together to the indexn Weinberg’s formu-
las. In that case, the couplingg,z\()\)K for K=2,...,7 all
vanish, leaving only

(BRM)k-1=—{(DRX®+DRoy?+D%s79), (327
with
=2 =2
g g
Dﬁlzf, Dﬁzzf, D2,=0, N=1,2,
=2 =2
g g
Dﬁlzf, D2,=0, Dﬁ,szf, N=4,5,
=2 =2
g g
D2,=0, D,Z\,2=Z3, D§,3=Z3, N=67,
(3.28

013004-6



CKM MATRIX AND FERMION MASSES IN THE ... PHYSICAL REVIEW D58 013004

and, forN=3,8,0, to the two lower generations. Indeed, as we shall see, it turns
~ _ - out that the large contributions from Fig. 1 will all affect
) O3 O3 201 only the normalization of the mass matrix but not its orien-

Dh1= C3N§+08Nﬁ_CON T) ' tation in dual color, so that as far as the effects we seek are

concerned, there are only small corrections to be considered.
~ ~ 25\ 2 This is very fortunate, for otherwise one would not be able to
_CSN%"—CBN&_CONE) , calculate the lower generation quark masses and the CKM
2 23 3 matrix perturbatively as we set out to do.

To see that this fortunate situation does indeed arise, con-

X O3 29,\° sider first the last term i ™ in Egs.(3.2) which represents

DNs= _CBNE_CONT : (329  the dual gauge boson tadpole diagram exhibited in Fig). 1

This term is huge, being proportional g§u3 In u2, where

Finally, in the same basis of eigenstates, of the Higgs fieldg,, as already mentioned above, is of order 10, and the dual

self—couplingsf_,JK we need only those with=J and these gauge bosons, in order for their exchanges not to violate the

2 _
DN2_

are found to vanish except whéh=1, where very stringent experimental bounds on flavor-changing neu-
o tral current decays, have to have masggsof the order of
f111=24\¢, 100 TeV[13,15. However, in terms of the basis of Higgs

o boson mass eigenstates, this term appears as
f201= 8N +8k{(y?+7%),
3

1672

2.2 ; FKMEZE (3Nl In pd. 4.2

2

—_—

fa31=8NL+ 16K§( )2/
y+z Now, according to our previous result stated in E827),
only the Higgs stat& =1 has nonvanishing coupling to the
dual gauge bosons so that the sum dein Eq. (4.2) has
B 2242 only theK=1 term. By Eqs(3.249—(3.26, however,I'; is
fes =8N+ 16K§( ﬁ) itself proportional to the tree-level mass matrixy, in Eq.
Z°+X (3.5, so that the whole diagram has the effect only of chang-
ing the normalization of the tree-level mass matrix as antici-
fes1= BN +8K{(X2+Y?), pated.
A similar conclusion is reached for the other terd!,
_ x2y2 3A¢ and3ATin Eq.(3.2), coming from the dual gauge boson
f771=8N{+ 16k ﬁ) loop. In contrast with the dual gauge boson tadpole studied
X“+ in the above paragraph, these terms do rotate the fermion
(330 mass matrix but do so only through the mass matrikself

With these, the specification of quantities entering in the ex®" Which these terms depend. Suppose then we expand these

pressions for the 1-loop diagrams in E§.2) is complete. e>_<pres_sions in POWErS af; then t_he_ leading term of orden .
will be just a scalar times the original tree-level mass matrix

and can therefore only affect its normalization, not its orien-

tation. The other terms in the expansion which rotate the
Although the 1-loop diagrams detailed in the precedingmass matrix will be of ordem?/ 2 times the mass matrix

section were all referred to formally as corrections, they nee@nd hence much smaller, in fact even negligible, as we shall

not all be small. In particular, the coupling of the dual gluonsee later.

is given in terms of that of the usual color gluon by the Dirac  The fact that the normalization of the fermion mass ma-

f 1= 8N+ 8k (Z2+X?),

IV. RELEVANT TERMS

guantization conditiof11] trix is affected by large loop corrections means of course that
3 we cannot hope to calculate its value perturbatively but have
gg=4m, (4.1)  to treat it as a parameter to be determined experimentally. It

means in particular that the one nonzero eigenvaluenof

which means that for the usual color coupligghaving the  corresponding to the mass of the highest generation which
observed value of around 1.18 at themass, the dual color started at the tree level @ag can now no longer be given in
couplingg is of order 10. Thus, loop diagrams such as Figsterms ofp, the Yukawa coupling, and the vacuum expec-
1(a) and 1d), in which the integrated momenta need not betation value of the Higgs fields, but has to be treated as a
low so that the propagator suppression by a high dual gluoseparate parameter, say (whereT labels the type of fer-
mass is inoperative, can in fact take on very large valuesnions under consideration, namélyor D for quarks and_
They cannot then be treated perturbatively. for leptons, thus reducing the predictive power of the

However, not all the diagrams in Fig. 1 rotate the fermionpresent calculation. On the other hand, since the normaliza-
mass matrix with respect to dual color, which rotation istion cannot be predicted in any case, there is now no sense in
needed to give a nontrivial CKM matrix and nonzero massesalculating those diagrams which affect the normalization
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only. Hence, as mentioned already in the beginning of this X’

section, one may safely ignore all those diagrams with loops , mr| o, L,

of the ordinary color gluons and the usual electroweak Higgs my=—73| ¥ | (XLy"2). (4.6
bosons. ¢ z'

A similar conclusion applies also to the dual Higgs tad-
pole diagram in Fig. (c) representing the first term B of ~ Hence, in order to specify the effect of the loop corrections,
Egs. (3.2. In the diagonal basis for the Higgs mass matrixwe need only give for each the correspondixg=3x; .
M, this term appears as +3X,_, etc.
The results of our calculation are as follows. From the

sum of A and3AT in Egs.(3.2), we obtain

1 -
> 2 TkMEfL k(M2 In M2, (43
327°K T X1 X
1 — .—
_ yi| == =52 Tfnm)Ty| Y|, @47
where since, according to E¢3.30, f,  x vanishes except z 8N z

for K=1, there remains only one term in the sum propor-

tional to the matriXFl, which is itself pl’oportional to the Where?N are just the dual g|uon Coup”ng_%l listed in Eqs
tree-level mass matrixn. It will therefore affect only the (3.21) without the(1— yz) factor,

normalization ofm, not its orientation, and thus, by the logic

above, can also be ignored. Given that in Fig. 1 only the _ _1

diagram(c) depends on the Higgs self-couplinfig , this =T (1= 7s), (4.9
means that we can henceforth eliminate this coupling from

our considerations. o andfy(m?) is the integral:
The remaining terms in Fig. 1, namely the terms of order

m?/ ug or higher inSAL, SA® andSAT, the term= %2, and 1 (M2 )2
the second term iE ™ corresponding to the fermion-loop fN(mz)zf dX(1=x) In | 1+ ——— (4.9
tadpole of Fig. 1e), the explicit expressions for which are 0
given in Egs.(3.2), all rotate the mass matrix. However, as Ad
explained in Ref[4], they will leave the mass matrix in a FToM="", Egs.(3.2, we have
factorized form with only the left-handed factor rotated. In «
other words, the correctioB from these terms can each be ! 1 1 . .
written in the form yi|= > S [—m?Tygn(m?) Ty
1672 N uf
Z;
X1+
S=me| Vie | Y25 (14 9) ”
=m 1 YiZ) 5 — —
e 27 +Tamigl(mATy| v |, (410
1+ 2
g 1
with
+mr| Y [ (X1- Y1 1217)5(1_ ys). (4.4
Z . 1 m2x2 m?2x2
gﬁ(mz)zf dx(1=x)|In —In | ud+ .
0 1—x 1-x
Added to the tree-level mass matrix and symmetrized with (4.11)
respect to left and right, this gives the 1-loop corrected mass
matrix as From3 %! in Egs.(3.2) we obtain
x’ X1 1
1
= ! — =— A + B , 4.1
S=mq| Y| (xy.2)5(1+ 7s) Y1 16772{212 klv1) EK: klok) |, (4.12
z Z;
X where|vi) are as listed in Eqg3.26 and(3.19. The first
- E _ term with
+mT y (X WYz )2(1 75)! (45)
z Ax=—p*(vk|Fr(m?)|uk) (4.13

wherex’ =x—3x,, —3X;_, etc. Again, as in the tree-level need not bother us, being proportional|tq) which is the
mass matrix, theys terms in Eq.(4.5 can be rotated away same as for the tree-level mass matrix. For the second term,
by redefining the right-handed fermions to give we have
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Bx= —p2<ul|F,<(m2)|v1)(v,<|vl> scaleﬁ as a sum of its value at some given scalelus a
scale-dependent term; thus,
+20%(u3| Ge(M)vi)(vslvi), (414 b
. 2y 2 MZ 2X2 2
with In = +~_2K(1_X) =In{ 5 +—2K(l—x)
. M 2 s o
2\ 2y,2 2 ~
Fk(m )—fodX(l_X) In [mx +MK(1_X)] +In [MZ/MZJ_ (5.2
(4.15 ~
If we change the scale from to u, thenX %! in Egs. (3.2
and will change by the amount
1
2\ _ 2,2 204 1 _
Gk(m )—f dx In [mx“+Mg(1-x)]. (4.1 _ 2 Myl val'k
0 327%°K
Last, from the fermion-loop tadpole term of Fig(el as 1 o _
given in the second term & ™ in Egs.(3.2), we obtain + 16772; Iemlet In[p?u?]. (5.2
X1
1 p? B — Recalling Eq.(3.24), we can rewrite the first term within the
Yi|=—— m—E M 2Tr{m® In my}lu), curly brackets as
T T K
2
(4.1 1

1 — 1
; m[;lTO’KE(l‘F ¥s)+ YK;I(E(]-_%)]
(5.3

— 2
with y, as given in Eq(3.25. The sum here is to be taken s2m

only over the Higgs bosons with nonzero masses, namely
over onlyK=1,...,7with Mg given in Eqs.(3.18.

Although the terms listed in the preceding paragraph al
rotate the mass matrix and hence could contribute to the 1 L

resent calculation of the CKM matrix and lower generation B Tt

%asses, they are widely different in size. Thus? the terms 16772; [YKmYKZ(H7/5)+7Km7/*<2(1 75)]'
(4.7 and (4.10 are both of ordemZ/,u,ﬁ wherem is about (5.9
176 GeV forU-type quarks and 4.3 GeV fd@-type quarks,
while, as already mentioned before, the dual gauge bosonsn substituting?K from Eq.(3.25 and summing oveK we
are bounded by experiment to have masses larger than 1@tain, for the first term,
TeV, a bound that we shall be able to check later within the

|and the second term as

present framework for consistency. That being the case, the X

corrections due to these two terms are only of the order of 1 ) 1

10 % or less and are thus seen to be entirely negligible for - ;M) 3| Y (x,y,z)§(1+ ¥s)
. . 327

calculating the lower generation quark masses or the CKM z

matrix to the present experimental accuracy. A similar con-
clusion is reached also for the ter(@.17) which is of order 1
(m? In m)/M2, with Higgs boson massebl, being esti- + Y | (X1,¥1,21)= (1= y5) (5.5
mated to be of order some tens of TeV, again an estimate 2
that we shall be able to check for consistency within the
present framework. Hence, the end result of our analysis ignd for the second term
that of all the 1-loop corrections we have evaluated, only the

term (4.12 from the Higgs boson loop in Fig.(B) is poten- ~

X

z

tially large enough to give the right orders of magnitude for 1 X1 1
the lower generation quark masses or for the off-diagonal mp?d — 91 (X,y,2)= (1+ 7s)
CKM matrix elements, and it is therefore to this term that we 1672 z T2
shall now direct our attention. Z;
V. ROTATING MASS MATRIX X . .1
- X1,Y1,21)=(1— , 5.6
The Higgs boson loof #* in Egs.(3.2) of Fig. 1(b) not )z/ (X1,¥1,21)5 (1= 7) .6

only rotates the fermion mass matrix but rotates it in a man-
ner which depends on the renormalization scale. To see this,
let us write the logarithm in Eq94.15 and (4.16 at any  with
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- X(Xz— y2) X(X2— 22) 0.8 . . . .
= ,cyclic, 5.
x2+y? x2+ 72 y 67 o7t ]
where we have kept only the contributions frdfn=3,5,7 osfr ié’fz( QD X
since those fronK =1 and the sum oK=2,4,6 affect only

the normalization ofn, while those fromK=8,9 both van-
ish. In principle, of course, a change in the normalization of . ,|
m will get reflected also in its orientation, but this is of
second order in smallness if the change in scale is small and  esf RO
can therefore be neglected. :
The scale-dependent correctiafisb) and (5.6) leave the

mass matrix factorized, as expected from the arguments
given in Ref[4], but no longer Hermitian. However, follow-
ing the convention introduced above in E¢$.5) and (4.6), o - ” - - 1
one can redefine the right-handed fermion fields again so as ' ' x o '

to make the corrected mass matriX Hermitian. The net
result then is that, apart from changes in the normalization
which may be ignored, one obtains from these terms a rota-

! !
tion to the mass matrix which may be represented as a rota%hewt\zor?g::: ui;h;tfgé?o;/sez&o{ﬁg'?aéfozizrfgrﬁqzesgtsrnzﬁfglIy
tion to the vector X,y,2); thus,

at the 1-loop level, so that a rotating’(y’,z’') implies a
mass matrix with a scale-dependent orientation. Now, for

FIG. 2. The “running” of the vector X',y’,z").

<1

X ~ X 5 i(l such a case, it is not so obvious how the mass and state

yl=|yl=|lYy]|+ 2p2 vi | In[w?u?], vector of each individual state ought to be defined. This am-

2 3 64w 3 biguity is not a peculiarity of the dualized standard model
1

alone but arises already in the ordinaliye. nondualizef
standard model where a mass matrix with scale-dependent
orientation occurs by virtue of the non-diagonal CKM matrix

in the renormlaization group equatigd]; only there, the
effect being small, its consequences can be neglected. The

scales. One arrives then at a picture similar to the familiaPONt 1S the _followm_g. At any sc_ale, the mass matrix can of

one of running coupling constants, except that here it is &°UrS€ be d|agonal|zed and, being Hermitian, its eigenvalues
normalized vectorx',y’,z') that “rur’13 " From Eq.(5.7), it will be real and, if nondegenerate, their eigenvectors are or-
is readily seen tha{t f,orx( y',2') edual to (1'0'0)’ or thogonal to one another so that the transformation matrix,

(13)(1,1,1), the increment due to a change of scale Van§ayS, from the original basis to the new basis formed by the

. ) L ei6qenvectors will be unitary. However, these eigenvalues are
ishes. These 2 vectors are thus fixed points in the usual SeNSE. o dependent. and cannot as vet be identified as the mass
under changes of scales. It can also be seen from(Ed. b ' Y

S of the individual states. Usually, the actual mass of a state is
that for other values ofx(’,y’,z’) (where we have adopted :
. N X defined as the value of the scale-dependent mass evaluated at
the conventionx’>y’>2z"), and for decreasing energy . N
. 0 T .~ 27 the scale equal to its value at that scatgw)= . Here,
scales, the increment satisfies the following inequalities: : : ) .
however, since the eigenvalues are different by assumption,
%o vy there is no scale for which this criterion can be satisfied
<= Z_<y_ (5.9  simultaneously for all of them. One can, of course, take each
y y oz eigenvalue and evaluate it at the scale equal to its value, and
. . hence define at this scale the corresponding eigenvector as
which mean that for decreasing scales, the veotoyy(,z')  the state vector of the particle with this value as its mass. But
will “run” away from the fixed point (1,0,0) towards, in since the orientation of the mass matrix is itself supposed to
general, the fixed point (48)(1,1,1), tracing out a tracjec- depend also on the scale, the state vectors so defined for the
tory as the scale decreases. These assertions are confirmedvayious particles at different scales will in general not be
the numerical calculation presented in Fig. 2, where the spa®rthogonal to one another, so that the transformafidrom
ing between points on a trajectory denotes the sgegedr-  the original basis to this new basis of state vectors will not in
bitray unit9 at which the vectorX’,y’,z’) runs as a func- general be unitary. In fact, we do not know of a general
tion of In u. Since &',y’,z") is normalized by definition, prescription which can define, from a rotating mass matrix,
only the values ok’ andy’ need be presented and the tra-the masses and state vectors of the individual particle states
jectories are bounded by the circké?+y’?=1, while the by the normal criterion which yet leaves the transformation
convention adopted above, &f >y’'>Zz’, restricts the tra- matrix S unitary.

(5.9

which depends on the change in scale.
By iterating the formula(5.8) in small steps, one can
evaluate the rotation inx(,y’,z') over finite changes of

jectories to within the linex’ =y’ and the ellipsey’?=(1 However, for a mass matrix which remains factorizable at
—x'?—y’'?). This figure gives us a very useful picture to all scales as the one considered here, it turns out that there is
which we shall often refer. a way[4] in which masses and state vectors can be defined in
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accordance with the normal criterion and which gives a unithe u quark is now also automatically given as the vector
tary S matrix. To be specific, let us take first thé-type  |v;) which is orthogonal to both the top quark state vector
quarks as an example. The mass matrix being factorizabléy,) and the charm quark state vecior) already defined.

there is only one nonzero eigenvalue at any scale. Suppog this stage, then, the state vectors of the 3 generations are
we evaluate this nonzero eigenvalue at the scale equal to itg| specified which we were unable to do before.

value. Then, in accordance with the standard criterion above, Finally, to find the mass of the quark, we lower the
we can define this value unambiguously as the mass of thecale again in small steps, applying repeatedly (Bc), to

top quark. The state vector of the top quark is thereby als@ome scale. This scale we then vary until the value of
defined uniquely as that eigenvector with the nonzero eigen-

value at thg spale of the top mz?ss,, which in the present <v§|Fn’|v§) (5.13
framework is just the vectorx(,y’,z') taken at the top

quark mass. At this scale, the other two eigenvalues are zergecomes equal to the scale itself, and this we define as the
but they should not be regarded as the masses of the tW@ass of theu quark, again in conformity to the procedure
lower generations for they are evaluated at the wrong scalgpoye. So now the masses of all three physical states are also
Furthermore, one does not know at this stage which tWQefined, and they will all in general be nonzero.

vectors should correspond to the 2 lower generations. HOW- \we notice that the masses of all three generatipogs

ever, being physically independent states, the 2 lower geMere gre each defined using the normal criterion of evaluating
erations ought to have state vectors lying in the 2-+he appropriate eigenvalue of the mass matrix at the scale
dimensional subspace orthogonal to the top quark statggual to its value. Moreover, the three state vectors corre-
vector, namely in the space spanned by two vectors with zergnonding to the three generations so defined are also mutu-
eigenvalues which we may choose as ally orthogonal so that the matri® transforming from the
original “gauge basis” to the “physical basis” of state vec-

-2 1-x'(x'"+y'+2' . . ;
y ( y ) tors is unitary as it ought to be. The actual values of the
voy=—pg[ 2/=X" |, |vg)=p8[ 1-y' X' +y'+2) |, masses and state vectors so defined depend on the manner
X' —y’ 1-Z/ (X' +y'+2') that the mass matrix rotates as a function of the energy scale,

(5.10  Wwhich in our present scheme depends in turn on the vacuum
expectation values,y,z of the (dual coloy Higgs fields and
with on the strengttp, of their Yukawa couplings to th&-type
quarks, the values of which parameters have yet to be speci-
B=13—(x'+y +2')? (5.1)  fied.
although at this stage one does not know which linear com- A similar procedure applied to thid-type quarks defines

binations of these two vectors should representchpiark in turn the masses and state vectors OfF‘hS’ andd quarks.

and which theu quark The actual values of these quantities in the present scheme
SUDDOSE We Now Itn-werthe scaleby some small amount will depend on the same Higgs fields vacuum expectation

A Tphpen we know from Eq(5.8 thatythe mass matrix will valuesx,y,z as for theU-type quarks but in general a dif-

béufotated via a rotation ofqthé vector'(y’,z') by a small ferent Yukawa coupling strengjpp, . Together withmy, the

amount proportional to |n,L(2/m[2). Hence, by repeated appli- normalization of the mass matrix for each quark type

. ; hich may be identified with the highest generation mass,
cation of this procedure, one can evaluate the Ioop—correcte{f‘iere are altogether then 6 parameters, namgly mg , p
l D> U

mass matrixm’ at a scale some finite amount lower than the 5, and the vectorx,y,z) which, being normalized to unit

top quark mass. At the lower scale, becauEe of the rotatior]ength, counts only as 2 parameters. With the remaining 4
the vectorgv;) are no longer eigenvectors of’, so that in  parameters then, one is required to evaluate the 4 masses of

particular the mass submatrix the 2 lower generations,,m,,mg,my by the method de-
_ scribed above, as well as the 4 relevant parameters of the
(vilm'|vj), i,j=23, (5.12  CKM matrix in the manner outlined below.

. ] By definition, the CKM matrix is the matrix giving the
which was zero at the top quark mass scale, is here no longegjative orientation of the physical state vectors of the 3

the null matrix. However, being a submatrix of a rank 1y type quarks to those of the B-type quarks. In terms of

nonzero eigenvalue, the value of which will depend on the

scale where the expression is evaluated. Applying then the Vij =(v’i|v’j>, (5.14
same reasoning as for the top quark, we now vary the scale

until the nonzero eigenvalue of E.12) comes out equal to  where i(j)=1,2,3 denote respectivelyt(b),c(s),u(d),

the scale itself, which value we shall call the charm quarkwhich in the usual convention are arranged in the reversed
mass for consistency. At the same time, the eigenveefpr  order. Now, in the literature, the CKM matrix is often de-
corresponding to this eigenvalue at this scale we define dined also as the overldgD" between the matrixJ which

the state vector of the quark, which is, of course, by defi- diagonalizes the mass matrix of thetype quarks and the
nition orthogonal to the state vectpr,) defined above for matrix D which diagonalizes the mass matrix of tBetype
thet quark, as it should be. Furthermore, the state vector ofuarks. This definition is equivalent to that adopted above in

013004-11



JOSEBORDESet al. PHYSICAL REVIEW D 58 013004

terms of the physical states when the mass matrices do notason. The expressidd.12) depends on the masses of the
rotate with the energy scale. When the mass matrices haudiggs bosonsM , which in turn depend on the strengftof
scale-dependent orientations, however, the 2 definitions difthe Higgs vacuum expectation values and the Higgs self-
fer, since the vectors which diagonalize the mass matrices, a®uplingsk and\. Of these parameters, is irrelevant since
explained above, need no longer represent the physicl gccurs only inM; entering inA; and B, of Eq. (4.12)
states. Indeed, since the mass matrices are scale dependgfitich are seen to affect only the normalization of
so will be their diagonalizing matricdg andD, and so also (X1,Y1,21), Not its orientation, while the other two occur
will be the CKM matrix which is defined as their overlap. On only together in the combinatiorZ?, as seen in Eq$3.18
the other hand, the physical state vectors defined in the Pre<rom the lower bound on the dl;al gauge boson.ma'ss of
ceding section for the 3 gene_rations of both théype and round 400 TeV deduced from the absence of flavor-
a;%/rli)xe d(glfjii:akj ;sret’\hgntrzzilfeo :r%i?i%ingstrxésr?ﬁa; tshi?:a(l:K hanging neutral currents effects in meson decays, one ob-
phy tains from Eq.3.7) an estimate of about 20 TeV for a lower

basis to theD physical basis is also scale independent. Her% d A ing th lina to be of ord it
we shall evaluate the CKM matrix defined as the transformaz oo ong. Assuming the coupling to be of order unity,

tion matrix (5.14) between bases of physical states, whichthIS gives an estimate for a lower bound Mk_also of
definition accords more with the philosophy adopted in thisarouznd 20 TeV. Now the formula forx{,ys,z,) involves
paper and seems to us also to correspond more to what g My, which when evaluated directly at the top and bottom
actually measured experimentally. quark mass scales as we desired would be very large and
Before we proceed to the numerical work, however, let ugviolate the spirit of our present perturbative calculation.
first note a qualtitaive feature of the present procedure whictiowever, there is no real problem in this, for we can always
is of relevance both to our future calculation and to its com-evaluate first the correctionx{,y,,z;) at the scale of the
parison with experiment. The empirical CKM matrix, though Higgs boson mass, say 20 TeV, and then use the formula
near identity, has off-diagonal elements differing consider{5.8) to “run” the corrected vector by steps down to the
ably in size, varying from around 20% fo¥.q and V,s  scales of the top and bottom quark mass. At every step, then,
through a few percent fov;s andV, to just a few per mill  the calculation would be perturbative for the correction is
for Vg andVy,. This variation may seem difficult to explain kept always small. This is in the spirit of the original Gell-
since if the matrix is due to some effect rotating thetype ~ Mann-Low idea[14] which led to the renormalization group
mass matrix relative to thB-type mass matrix, one would equation.
expect the mixing elements to be of roughly the same order ‘A calculation done in this way, however, still leaves it
of magnitude. In the present scheme, however, there is gependent explicitly on the masses of the Higgs bosons. This
natural explanation for this variation. We recall that the stat&youid be a little awkward but for a happy and quite intrigu-
vectors of the two lower generations are to be defineqn, «accident” to be elucidated later, for these masses are

A nown only by the tree-level formula&3.18 which are

these vectors get an extra kick in orientation in addition.t(_)”kely to be strongly renormalized, like the fermion masses
that of the frames at the top and bottom quark mass. And it '%y e.q. the dual gluon loops Be’cause of this “accident

this effect, having strictly t with th ial way that th . T
s effect, having strictly to do © speciatway tha e(§1owever, it turns out that to a very good approximation we

physical states of the lower generations are here define t all the Hi b | t
which gives the Cabibbo angle a sort of special status amon%an put all tn€ Figgs boson masses equal, say, to a common

CKM matrix elements and hence, as we shall see, a partic®¢@/€Mw , even the value of which in the end does not really
larly large value in comparison with the others as experimenMatter, but which we take at the moment to be 20 TeV. We

tally observed. need then to evaluate the formules12 for the common
scaleMy= My for all K. This expression is almost the same
for U- andD-type quarks, and indeed even for leptons, dif-
fering only in the normalizatiomy of the mass matrix. This

To perform the calculation outlined in the preceding sec-difference is small, only of the order @h3/MZ which for
tion, given any vectorx,y,z) for the Higgs fields vacuum \, around 20 TeV is less than 16, as we have checked
expectation values which also doubles as the factor of thgoth by analytic and numerical calculations. It can thus be
zeroth order fermion mass matrix, we face as our first taskafely neglected. This means that whatever the correction

VI. NUMERICAL RESULTS

the evaluation of the 1-loop corrected vector due to Eq(4.12 happens to be at the scal, (which is in
fact quite small numerically it will be the same for all the
N X X, fermions. Therefore, in the present approximation when all
, M's are put equal, we can just start at the sddlg with the
=Y [=|Y|—| N (6.9 same values of’,y’,z’ for all fermions, and simply “run”
z' z Z; them down to the mass of the highest generation for each

fermion type to evaluate the vectpr;) in Eq. (6.1) for each
(properly normalizey for x;,y;,z; evaluated at the energy case.
scale, respectively for the- and D-type quark, of the top The “running” mechanism(4.12 and the starting values
and bottom quark mass. This cannot be done by applyingt My both being the same for all fermion types, the vector
directly the formula(4.12 derived above for the following (x’,y’,z’) will in this approximation “run” along the same
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trajectory, only possibly at different speeds because théation than on the fermion masses. The calculation of the
Yukawa couplingspt may be different. In any case, since fermion masses depends in principle on the scale dependence
the my’s are different, one would arrive at a different state not only of the normalization of the mass matrix but also of
vector for the highest generatigm;) for the different fer-  the p’s, which dependence, for lack of anything better, we
mion types. Starting with some input values fgrand some  have simply ignored. In our calculation, therefore, we have

initial values for &',y’,z’), say & ,y;,z), atthe scalél;,  concentrated on getting a good fit to the CKM matrix rather
and applying Eq(4.12 repeatedly in small steps, one would than the masses of the lowest generation.
arrive at some value fdw,) for each fermion type. In prin- with the whole calculation involving only real quantities,

ciple, the steps should be infinitesimal, but in our numerical; js clear that we shall not be able to obtain any

calculation we used typically about 500 steps for each deg p.yiglating phase in our CKM matrix. There are thus only
cade of energy which we found were just about sufficient f0r3 independent real parameters in the CKM matrix to calcu-

0, . .
the 1% accuracy that we wanted. late. We focus first our attention on the last row and column

. wa'ng def|ned|v4) for each fermion type, we can now of V, namely that labelled by andb. The state vectors df
run” farther down in the energy scale to the second gen- db. which i tai denoted WD

eration mass. As the mass matrix rotates in running, the ma » Which In our notafion were denote L) V1.> re-

will “leak” into the second generation and give it a mass, asSPectively, are not affected by the additional rotation of the

explained in the section above. The amount of leakage wilPhysical states from the highest to the second generation,
depend on the value of the Yukawa coupling strengttand ~ Which, as explained in the last paragraph of the preceding
the range of the energy run. Hence, the mass obtained frogfction, is responsible for the particularly large value of the
|eakage at the mass scale of the second generation will |ﬁab|bbo angle. Their relative orientation therefore giVES the
general be different for the different fermion types and dif-measure of the relative rotation of the vectoss,{’,z")
ferent also from the actual input mass of the second generavhen run from the starting value &t to the respective
tion. By adjusting the values ofr, one can adjust the highest generation mass. One sees that the difference in ori-
amount of leakage and hence ensure that the leaked masstation between these two states is quite small, the off-
obtained for the second generation is indeed the same as td@gonal elements being only of the order of a few percent in
input mass for each fermion type. Let us call these optimizednagnitude. However, the distances run from the starting
values ofpt so obtained at this stage as the outpist point My to respectively thé andb mass are quite different,

These outputp’s, however, were determined starting being only about 2 decades in energy for thend nearly 4
from some vectoiv,) for the highest generation, which in decades for thér. Therefore, to end up with only a few
turn depended on the assumed input valugsrafised to run  percent difference in orientation, either the Yukawa cou-
the initial vector §,,y,,z) from the scaleMy down to the  plings pt must be so small as to give little running, which
scale of the highest generation. Obviously, the input and outwould contradict the sizable amount of “leakage” required
put values of thesp’s need not be the same. We have thusto give the second generation mass, or the vectory(,z')
to optimize again and adjust the input valuespgfuntil the  have to be near a fixed point so that the running is rather
output value is in each case the same as the output value wfefficient. We explored first the “upper” fixed point
pt obtained from it. This optimized value we now call the (1/,/3)(1,1,1), but found no sensible solution. The “lower”
fitted pt. fixed point (1,0,0), however, proved productive.

With these fitted values fop+ giving good second gen- In the input initial values ofX; ,y, ,z), for x,~1 andy,
eration masses, we can now determine the state vectorsz but both small, it is, crudely speaking, which tells us
[v’;),i=2,3 both for the second and the lowest generationshow far down we are on the trajectory, and the relative size
as we explained in the preceding section. Then, with thef z to y, which tells us which trajectory we are on. By
physical state vectors for all three generations and hbth adjustingy,, one can thus make the relative orientation be-
and D-type quarks all determined, the CKM matrix easily tween thet andb states, as exhibited in e.¥,s andV,,, to
follows from Eq.(5.14). Further, by running down to even be of the order of a few percent as required by experiment.
lower energy scales, we can calculate the mass of the loweS$hen, by adjusting, , to whichV,; andV,, are quite insen-
generation by requiring that the “leaked” mass in the lowestsitive, one can fit the Cabibbo ang\,s and V4 to the
state in some scale be equal to the scale itself to which it iempirical value of around 20%. The best result we have ob-
run. One sees thus that given any initial value,¥,,z) at  tained so far in this exercise is
the scaleM,, our program automatically determines for us
the values opt which fit the masses of the top 2 generations
for each fermion type, and then gives us the CKM matrix
and the lowest generation masses as the result. We have thus 0.9755 0.2199 0.00
in effect just 2 real parameters left to adjust with which to |V,|=[ 0.2195 0.9746 0.045p, 6.2
calculate all these physical quantities. 0.0143 0.0431 0.9990

We recall that the present scheme does not allow us to
calculate the absolute normalization of the mass matrix or its
variation with the energy scale, but only the orientation of
the mass matrix. We are therefore more confident with ouiThis is to be compared with the result below obtained from
result on the CKM matrix which depends only on the orien-experimen{1]:

013004-13



JOSEBORDESet al. PHYSICAL REVIEW D 58 013004

0.9745-0.9757 0.219-0.224 0.002-0.005
|V,{|=| 0.218-0.224 0.9736-0.9750 0.036-0.046 |. (6.3
0.004-0.014 0.034-0.046 0.9989-0.999

The agreement is seen to be good. This we find encouraging, One quite amazing feature of the parameters obtained
first that we can indeed adjust our parameters to obtain goofilom the fit is the close proximity to one another of the
values for the Cabibbo angle and tig andV., elements, values of the Yukawa couplingsfor all three fermion types,
and second that once we have fitted these to approximatetjte spread of which in Eq$6.8) is only around 1.5 parts per
the right values, theN',, andVy automatically come out to mill. The actual values listed in Eq&.8) depend of course

be a few per mill in magnitude as experimentally observedon the input values of the mass€s6) of the fermions of the
which seems to indicate that the method we used for defjning higher generations. However, even if we vary these input
the lower generations states have somehow got the orientgsasses to the utmost extremes allowed by the experimental

tion right. We have calculated also with the same values OBounds, thep's are found by calculation to remain roughly

[Esqual, differing from one another always by less than 10%.

which have been independently measured, obtaining At first sight, this may seem strange for the ratio of the

IV l/| V| = 0.0983, seco_nd to highest gene_ration mass differs considerably from
fermion type to fermion type. For examplem{/m;)

IVyql/|Vyg| = 0.3310, ~0.7%, while fng/m,)~4%, a factor of 6 differer_n, which
would mean that the “leakage” of mass by running frdm

IVEV,g|=0.0142, (6.4) to s must be several times stronger than that froro c,

suggesting that the coupling which governs the speed of
to be compared with the values below quoted from the dathis running ought to be several times bigger for Bxéype

tabook[1]: than for theU-type quarks. The reason why this does not
happen in the present calculation is that thguark, being
|Vupl/|Vepl =0.08+0.02, heavier than thé, lies farther down the trajectory depicted
in Fig. 2, i.e. nearer the fixed point (1,0,0), so that the run-
[Vipl/|Vis] <0.37, ning rotation there is much less efficient than at bhenass
which lies much higher on the trajectory. Hence, with about
|V, Vgl = 0.009+0.003. (6.5  the same value fop one can still obtain widely different
“leakages” in the two cases. However, that the fitted values
The agreement is again reasonable. of pr should come out so close to one another for all 3
These numbers were calculated with the following massegermion types is a bit of a surprise.
in GeV for the fermions in the 2 highest generations: This approximate equality of thg’s for all 3 fermion
types is what we called our “happy accident” at the begin-
m=176, my=4.295, m,=1.777, ning of this section which gives us a number of practical
advantages in our calculation. First, we recall that in the
m.=1.327, ms=0.173, m,=0.106, (6.6 calculation reported above, we had made the simplifying as-

umption that all the Higgs bosons had the same rivgss
hich would be far from the truth if we believe the tree-level
Felations(3.18) given the very different values we need in
Eqgs.(6.7) for x, y andz. To take Higgs boson mass splitting
into account, one ought in principle to proceed as follows.
One first goes up to the scale of the highest Higgs boson
mass, which in the present case, according to E3%8 and
(6.7), would be M,~Mg, approximately several orders of
magnitude higher than the lowest Higgs maégs of around
x,=0.999998, y,=0.002200, z,=0.000025. (6.7) 20 TeV. At this h!g_h scalg, we have next to ca_lculate the
rotation to the original Higgs vacuum expectation values

The fittedp’s which emerged automatically from the require- (X,¥,2) due to theK=4,5,6,7 terms in the Higgs loop dia-

ment of consistency with the input massés6) turned out 9ram(4.19, and then run the resultingc(,y’,z") down to
then to be the scale of the lightest Higgs boson, namély,=M,.

Then the result of this running has to be added to the result
pu=3.4737, pp=3.4693, p =3.4728, (6.9 of the rotation of the original X,y,z) due to theK=2,3
terms in Eq.(4.12, and it is this sum that we have in prin-
which are encouragingly all of order unity. ciple to use as the intitial vectox(,y,,z) for our above

where the central value was taken where such is given b
otherwise the geometric mean of the upper and lower exper
mental bounds as listed in the databddk We have in-
cluded in the fit the charged leptomsand . which, though
not entering into the CKM matrix, can be dealt with in the
same manner as the quarks at the cost of only an extra
parameter. The initial values ox(,y, ,z) at the scale oM

= 20 TeV chosen to fit the CKM elements were
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calculation. If the Yukawa couplings were different for the stage, of course, the suggestion is a pure conjecture on our
3 fermion types, thenx(,y,,z) so obtained would be dif- part, but it may be a worthwhile conjecture to entertain.
ferent also. Now, however, because of the “happy accident” Having now determined the parameters of the problem, it
of the p’s being the samé¢and them; dependence of Eq. is an easy matter to run the vector (y',z’) farther down in
(4.12 being, as explained before, negligihl¢he resulting the energy scale and evaluate the masses of the lowest gen-
(X,,Y, ,7)) of the above maneuver would be the same for theeration fermions following the method outlined in the pre-
3 fermion types. Hence, our “simplifying” assumption made ceding section. Notice, however, that this calculation de-
at the beginning of starting with the samg {y,,z) for all  pends in principle on the scale dependence both of the
fermion types at scal,, is now a posteorientirely justi-  normalization of the mass matrix and also of fig, neither
fied. of which are calculable in the present framework. In fact,
Further, this “happy accident” implies also that the cal- even the earlier calculation of the CKM matrix depends to
culation is actually independent of the scag, which we  some extent on these through fitting this to the 2 higher
have so far chosen to be 20 TeV. To see this, recall that wgeneration fermion masses, but there, the change in scale not
were supposed to start with some {y,,z) at M, for all  being too large, the change in normalization can be masked
fermion types and run the vector, with the appropriat® by adjusting the parameters in the fit, and hence not too
down to respectively the, b and 7 mass values. If the's noticeable. In calculating further the lowest generation
were different, then starting with a different,, one would masses, the effect of the neglect is compounded, and not too
arrive at different values at the highest generation mass fagood results can be expected. Our calculation, using the val-
the 3 fermion types. Now that thes are the same, however, ues of the fitted paramete(§.7) and (6.8) and the same
there is only one value ofx(,y’,z') at every point of the higher generation mass&6.6) and assuming constapts
trajectory. One can therefore start at any point of the trajecand mass matrix normalizations throughout the whole energy
tory with some §;,y,,z) for all 3 types of fermions and range of over 6 decades, gives
obtain the same answer. That this assertion holds even for
approximately equap’s has been checked numerically by m,=209 MeV, my=15 MeV, m.=6 MeV.
repeating our calculation for various starting poiMs, . It (6.10
means thaMy, can be removed altogether from our calcula- These mass values are fairly stable with respect to variations
tion as a parameter, leaving thus only the 2 ratios betweep the input masses for the 2 higher generations. For varia-
(Xi,Y1,2)) as the only parameters in the calculation, as wejons between the ranges given in the databiddkthe val-

have claimed. ues obtained for the lowest generation lie in the range
The other intriguing feature of the fit is the proximity of

the fitted values in Eq$6.7) of these &, ,y, ,z) to the fixed m,=120-360 MeV, my=12-22 MeV,

point (1,0,0). In contrast to the approximate equality of the

p's discussed above, this outcome is no accident but, as al- me=5—11 MeV. (6.1

ready explained before, is required by the smallness of all
other off-diagonal CKM matrix elements besides theApart from the mass of the quark, we regard these result as

Cabibbo angle. Although the values of, (y, ,z) at the ar- sensible given the crud_eness of the assumptic_)n of no scale
bitrary starting pointM; do not by themselves have much dependence at all for either the Yukawa couplipger the
significance, we can deduce from them the vacuum expectdlormalization of the mass matrix. It is perhaps interesting to
tion values &,y,z) of the Higgs fields by running the scale understand technically why the mass for theyuark turns
backwards up to the highest Higgs boson mass and evalugUt t0 be so much worse than in the other two cases. As
ing Eq.(4.12 there. Assuming the lowest Higgs boson masseXPlained above, the approximate equality of ffie means

of 20 TeV, the tree-level formula3.18, and using Eq. that all 3 fermion types lie on the same trajectory, only dif-

rough values of the Higgs fields: calculation here, these positions are shown in Fig. 3. We

notice there that the quark, being the heaviest fermion, lies
of necesssity the lowest on the trajectory, while thand =

-5 -8
x~1, y~5x107°, 2z~1x10°% (6.9 poth lie higher up. For this reason, as already explained

above, the running efficiency is much lower around the
which are very close indeed to the fixed point (1,0,0). mass than for the others so that even with the same value of

Though perhaps just fortuitous, the proximity of the fitted p, the leakage front to ¢ is much smaller than that frofn
(x,y,2) to the fixed point (1,0,0) and the near equality of theto s or from 7 to w. For the run from the second generation
fitted p’s are so remarkable that it is tempting to consider theto the lowest, however, theg-type quark is now in the part
exciting possibility of the coincidence representing in fact aof the trajectory where the running efficiency is high, while
symmetry which is exact in some approximation and is onlyfor the D-type quark and charged lepton, the lowest genera-
perturbed from it by an external agent. One possibility, fortion is already pressing a little against the upper fixed point
example, could be that if electroweak effects are neglectec(,l/\/§)(1,1,1) and losing running efficiency. Hence, we have
then (k,y,z) is exactly (1,0,0) and thg’s are exactly equal, the unwelcome large mass for thiequark but not so large
and it is only the electroweak effects which give rise to thefor d ande. When the scale dependencewfind the nor-
guantities’ departure from the equilibrium values. At this malization of the mass matrix are properly accounted for, a
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coupling strengths all of order unity, but also with only 2
parameters then left to fit the absolute values of CKM matrix
elements very well and give sensible estimates as well for the
fermion masses of the lowest generation except forithe
quark. This may not mean, of course, that the scheme is
correct, but it is at least encouraging.

The calculation was done with dual Higgs and gauge bo-
son masses consistent with existing bounds obtained from
flavor-changing neutral currents decaj$5,13, namely
Jk{= 20 TeV, meaning Higgs boson masses of the order of
several 10’s of TeV and higher and gauge boson masses of
the order of several 100’s of TeV and higher. An estimate of
these masses from the calculation, if available, would be of
phenomenological significance, since it enters in FCNC de-
cays[15,16, and possibly also in understanding air showers
from cosmic rays with energy greater tharf46V, namely

FIG. 3. The locations of the various fermion states on the comthose beyond the Greisen-Zatsepin-Kuz'niZK) spectral

mon trajectory.

possible scenario may be thax'(y’,z’') will run faster

cutoff [17,18,15,19 However, unfortunately for this pur-
pose, though fortunately for the calculation, it turns out that
the calculation is almost independent of the dual color Higgs
and gauge boson masses provided that they are large, so that
no useful estimate for them can yet be made.

along the trajectory so that all the lowest generation states The calculation gave also a rather intriguing picture of

will press against the upper fixed point (B)(1,1,1) and
give lower masses for all of them, in particular for the

how CKM mixing and lower generation fermion masses are
generated, namely in terms of “running” trajectories and

quark. The investigation of this possibility, however, is be-fixed points. Two unexpected bonuses are the close proxim-

yond the scope of the present paper.

ity of the Higgs vacuum expectation values,¥,z) to the

Finally, just as a matter of curiosity, let us apply the samefixed point (1,0,0) and the near equality of the Yakawa cou-
sort of reasoning to the neutrino masses also. Assuming thsling strengths for the different fermion types. If one could
same value op for neutrinos as for the charged leptons, wefind a theoretical reason why tipés should be equal, or how
can then in principle calculate the masses of all the neutrinogx,y,z) is given that miniscule departure from the fixed point
given any one of them. Or else, given the experimental uppef1,0,0), one would be approaching a fit with a single param-
bound of any neutrino, we can obtain upper bounds on theter(the commorp) to all CKM mixings and fermion mass
others. The strongest bounds obtained in this way, we foundplittings, which would be fantastic.

come from inputting the experimental bourd 0.17 MeV

Of the outstanding problems, we have identified two. One

for the v, mass quoted ifil]. Using the same fitted values of concerns theC P-violating phase in the CKM matrix which,

(X1,Y1,7)) in Egs.(6.7) we obtained

m,,e<5 eV, m,,T<6 MeV,

(6.12

as explained already, cannot be obtained in the present ap-
proach, at least not in first order. The other concerns the
special properties of the mass matrix with scale-dependent
orientation, also already discussed in Sec. V. The problem is

both of which, interestingly, are stronger than the experimenthat there does not seem to be a basis of state vectors with

tal boundsm,,e< 10-15 eV, m, < 24 MeV given in[1]. We

well-defined masses for which the mass matrix is exactly

note that in Fig. 3, the points representing the neutrinos afiagonal. In fact, this problem already figures in the ordinary
press quite tightly against the upper fixed point, especiallfnon-dualizegl formulation of the standard model where a
for v, which is why it gets such a stringent limit on its scale-dependent orientation is induced by the CKM matrix
mass. These limits, however, should not be taken too serihich cannot be made diagonal simultaneously with the
0us|y' since for the neutrinOS, and indeed even for thdnass matrix. The Only difference is that the effect there is
charged leptons, there is much more than just the masses @lite small, as shown if4], and is for that reason often

be understood.

VIl. CONCLUSION AND REMARKS

ignored. It seems to us that whichever description one
chooses to adopt, whether in terms of the diagonal basis or
the basis with definite masses, the physics ought to be
equivalent. However, the relation between the two descrip-
tions and the physical consequences this implies have not

In this paper, we set out to address the question obeen properly worked out.
whether the dualized standard model scheme suggested in Note added in proofThe above analysis has since been
[4] is capable of giving reasonable CKM matrix elementsfully extended to neutrinos giving predictions for the oscil-
and quark masses. The question has now, we think, bedation parameterg20], while the special status of the
answered in the affirmative. Not only has one been able to fi€abibbo angle and its sensitivity # noted above are now
the masses of the 2 higher generations sensibly with Yukawauch better understod@1].
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