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A phenomenological approach to the problem of determining the masses of pseudo-Goldstone technicolor
particles is developed. The spinless bound states of the techniquarks are interpreted as elementary Higgs fields
with a self-action Lagrangian which satisfies the symmetry present in practically all known technicolor
models (the symmetry consists in the possibility of independent unitary rotation of all existing Higgs field
doublets). An electroweak interaction destroys the postulated symmetry of the skeleton Higgs Lagrangian; a
consequence is the appearance of the same 10-GeV mass for all charged pseudo-Goldstone particles. Possible
mechanisms of splitting of the particle masses are considered, particularly their interaction with fermions.
The characteristic splitting scale is of the order of (0.1-1) GeV. The possibility that neutral pseudo-Goldstone
particles acquire mass at the expense of interaction between the particles and singlet Higgs field is discussed.
Such an interaction was introduced earlier in the theory of the “phantom” axion. It is shown that the
existence of a phantom axion should involve the existence of a “resurrected” axion, i.e., of a particle with the
same Yukawa coupling to quarks and leptons as the standard Weinberg-Wilczek axion, but with an arbitrary

mass.

PACS numbers: 11.15. — q, 14.80.Er

1. INTRODUCTION

The minimum standard model of electric-weak inter-
actions requires, as is well known, the existence of
only one doublet of elementary scalar fields. There are,
however, no a priori grounds for the sector of the Higgs
bosons (elementary or composite) to be so impover-
ished. At the existing variety of fermions (quarks and
leptons) the presence of only one (neutral) observable
Higgs boson does not seem to be a most natural pos-
sibility. The fact that not a single Higgs boson has been
experimentally observed so far cannot serve in any
way as proof that only one such boson exists.

There are also some theoretical grounds for expect-
ing a certain variety of scalar Higgs particles in
theories that operate with both elementary and compo-
site scalar bosons. In theories based on supersymme-
try, there naturally arises a large number of element-
ary spinless particles. If on the other hand, a situation
of the “technicolor” type is realized, then the simple
parallelism in the multiplication of the number of tech-
niques by flavor, in analogy with ordinary quarks, leads
immediately to the appearance of a large number of
composite scalar particles.

Questions connected with including CP nonconserva-
tion in the theory can require an increase in the number
of Higgs bosons. Thus, for example, the Weinberg CP
nonconservation model,! in which the Higgs bosons are
responsible for the CP nonconservation, calls for the
existence of at least three Higgs doublets. The prob-
lem of the natural conservation of P and the CP parity
in strong interaction can be solved by introducing an
additional U(1) symmetry, realized on account of the
increase in the number of Higgs bosons.?

Of particular interest are, of course, light Higgs
particles, both neutral and charged. Such particles
appear when the interaction has an exact or an approxi-
mate global symmetry that is spontaneously broken.

A classical example of a Goldstone particle connected
with spontaneous breaking of the chiral Peccei-Quinn
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U(1) symmetry® is the axion.® In Ref. 4 we have con-
sidered all the exact global symmetries of gauge inter-
actions of the standard model and attempted to extend
them to the Yukawa interactions (of fermions with
scalar particles) and to self-action of Higgs particles.
We have reached the conclusion that a second (strictly
massless) axion can exist, namely a Goldstone particle
connected with spontaneous breaking of the U(1) sym-
metry of the chiral rotation of leptons.

In the present paper we investigate the possible ap-
proximate symmetries connected with the existence of
several multiplets of Higgs bosons. Assume that we
have n doublets of Higgs fields ¢,, whose neutral com-
ponents develop nonzero vacuum mean values: cp§°)
=p,;/N'2. (It is reasonable to confine ourselves only to
doublets, since the relation M, =M, cosé,,, which
follows from the doublet structure of the Higgs fields is
well satisfied in experiment.) It can be assumed that in
the tree approximation the self-action of the Higgs
fields satisfies the [U(2)]" symmetry relative to global
U(2) transformations of each of the Higgs doublets
separately.

The basis for the existence of such a rather high sym-
metry can be the assumption that the Higgs scalars are
actually strongly coupled states of certain fundamental
fermions—techniquarks.5 In attempts to construct
realistic models of technicolor there appear many
possibilities, in each of which there can be realized
a certain global symmetry of the effective Lagrangian
of the self-action of the bound scalar states. Numer-
ous examples of such symmetries are given in Ref. 6.
It is typical, however, that in all the considered cases
a [U(2)]" symmetry is certainly postulated. If the weak
doublets ¢, are made up of weak doublets of techni-
quarks (U;,D,), i=1,...,n, then such a symmetry
corresponds to [SU(2), x SU(2),I" invariance of the
technicolor interaction relative to independent rotations
(v, D,), (U, D,) etc. The successive (U,,D,), (U,,D,),
... techniquark doublets themselves can differ in
principle from one another, so that the higher sym-
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metries considered in Ref. 6 and connected mainly with
the mixing of the techniquarks from different doublets
can generally speaking be absent. Using only [U(2)]"
symmetry, we hope to obtain for the masses of certain
pseudo-Goldstone bosons predictions not connected
with a concrete technicolor scheme.

In contrast to Ref. 6, we do not use for the determina-
tion of the masses of the pseudo-Goldstone bosons the
rather complicated, in second order, technique of chir-
al perturbation theory. We consider instead from the
very beginning the doublets ¢; as elementary Higgs
fields; technicolor leads only to a cutoff of the logarith-
mically diverging integrals at A= r;é:-. 1 TeV, where 7
is the radius of the technicolor interaction. By virtue
of the foregoing, one can even hope that some of the
results obtained below are of comparatively general
character, not connected directly with the technicolor
hypothesis.

The invariance of the Lagrangian . » of the self-
action of the Higgs fields ¢;. .. ¢, relative to their in-
dividual SU(2) rotations presupposes a dependence of .¥ 0
only on invariance of the type o] ¢,, ¢; ¢,..., but not
on, for example, (¢; @,)(¢s ¢,). This restriction on the
form of the skeleton Lagrangian is a direct generaliza-
tion of the Peccei-Quinn symmetry® or of symmetry
with respect to chiral transformation of leptons.* The
latter symmetries require that the Lagrangian contain
no terms of the type (¢; ¢,)?. The principal difference
between these cases consists, however, in the fact that
terms of the type (¢ ¢,)(¢@; @,) inevitably arise in the
higher orders in the electric-weak interaction. As a
result, the pseudo-Goldstone bosons corresponding to
breaking of these approximate symmetries acquire a
small mass. Our aim is precisely to determine the
spectrum of these bosons. Naturally, the masses ob-
tained from radiative corrections for these bosons re-
garded as elementary diverge in proportion to In A. It
is obvious that in the technicolor interpretation of the
standard model we have A=7; =1 TeV.

The paper is organized in the following manner. In
the second section we consider charged pseudo-Gold-
stone bosons and calculate their mass with account
taken of the standard electric-weak interaction. In the
base of n doublets, all » — 1 charged bosons are degen-
erate and have a mass ~10 GeV. (The expression for
the mass coincides with that obtained in the first paper
of Ref. 6 by the methods of chiral perturbation theory
for the case of two doublets made up of different tech-
niquarks.) Next, in the seco.nd section we discuss the
possible splitting of the masses of the considered
charge bosons, particularly because of their Yukawa
interaction with the quarks. At a t-quark mass of the
order of tens of GeV, the splitting can be of the order
of hundreds of MeV.

In the third section we proceed to a discussion of
neutral bosons. Neutral particles turn out to be Gold-
stones of spontaneously broken (1) symmetries of the
Peccei-Quinn symmetry type? or of the symmetry con-
sidered in Ref. 4. These symmetries are not broken
by the electric-weak interactions, and therefore the
corresponding Goldstone particles remain massless
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(accurate to allowance for the anomaly). Since the
experimental situation with the axion seems unclear at
present, we investigate the possibility connected with
the existence of an “invisible” (“harmless,” “phantom”)
axion.” To this end we introduce an additional scalar
field that interacts with the scalar doublet and develops
a large vacuum mean value. We call attention to the
fact that besides the usually discussed phantom axion,
such a construction contains a Higgs particle that inter-
acts with fermions in exactly the same manner as the
standard axion interacts with them in the simplest
theory. However, the mass of this Higgs boson (“res-
urrected axion”) can be arbitrary. We shall show that
within the framework of the concepts of expanded tech-
nicolor, a value on the order of hundreds of MeV would
not be unnatural for its mass. As for the charged
bosons considered in the preceeding section, in this
case their masses remain as before ~10 GeV.

At the end of the article we again summarize our ex-
pectations concerning the spectrum and the simplest
properties of a pseudo-Goldstone technicolor.

2. CHARGED BOSONS

We consider first for simplicity the case of two
doublets of Higgs bosons, ¢, and ¢,. The Lagrangian
of the theory, which has in the Higgs sector the [U(2)]
symmetry described above, takes in the presence of
Yukawa couplings with fermions the form
TW,e

2

1 1 ST
@ == GGt~ FpFut ¥ | 10,ptg ot o+ % Byo: l

4 4

{12
”szq)x+(l)l_ﬂzzq)z+‘])z—7u (q)|+qh) 22 (‘Pz+¢z) 2—7\12 (¢A+‘P|) ((Pz‘q?z) . (1)

It is easy to note that at g =0 the total Lagrangian £
is invariant to independent U(2) rotations of the doub-
lets ¢, and ¢,. This, of course, causes the effective
potential V(¢,, ¢,), calculated in any order in g’ at
£=0, not to contain terms of the type (o] ¢,)(¢s ¢,),
(@1 ., or (@; ¢,)?, which violate the [U(2)F invari-
ance. Less trivial is the fact that at g#0 but g’ =0 the
theory also has an exact additional U(2) invariance
compared with the gauge-transformation group corre-
sponding to the common unitary rotation of the doublets
¢, and @,. To verify this, it is convenient to change
to a gauge in which one of the doublets, for example
¢,, takes the form

i (2)= ( c.(x(;/ﬁ ) ’

In this gauge the interaction of ¢, and ¢, with vector
fields takes the form

2 1
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It is seen therefore that at g’ =0 expression (2) is in-
variant to global isotopic rotations of ¢, and of W}
without any transformation whatever of the first doub-
let. Thus, in the case g=0, g#0 the effective poten-
tial V(¢,, @,) preserves the property of the exact in-
variance to independent global rotations of both doub-
lets.
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Upon development of the vacuum mean values (<p§°))

=(0,)/N'2 =v,, spontaneous violation of the exact gauge
SU(2), x U(1), invariance to U(1),, takes place as well
as violation of the remaining (approximate at g, g’ #0)
global U(2) invariance to the group U(1) (inasmuch as
without allowance for the weak interactions the strong
electric charges of p, and ¢, remain separately con-
served). As a result, besides the usual Goldstone
bosons, which make Wf,*’ and Zu heavier, we expect
the appearance of one neutral Goldstone boson a*®) and
of one charged pseudo-Goldstone boson a‘*), whose
mass vanishes at g=0 or g’ =0.

In the single-loop approximation, the contribution of
the gauge bosons to the effective potential is®

6V = —— Tr[ M (@) 1n M2 () /A%], ®)

3
64n*
where M?(¢,) is the mass matrix of the gauge bosons
in an external field. The contribution of the scalar-
_particle loops can be left out, since they obviously do
not lead to the noninvariant term (¢, ¢,)(9; ¢,)-

Diagonalization of M?(g,) yields the following eigen-
values:

, e
A+4 i[(A A%)
2 %

s
Mi=4, M= +B=],

(4)
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A= g— Z' ((P-'"'(Pi)y A= g— 2 (tpf'(v.-) ) B= Eg“' 2 (q)«*'rqm) .
i=1,2 i=1,2

i=1,2

Retaining in expression (3) for 5V only the invariance-
violating term, we easily obtain

3 1 A?
8V =——o—8¢"(¢:"0:) (%*w.)ln—ﬂ—b—z= — ke (@t e:) (@:49)). (5)
Equation (5) is valid with logarithmic accuracy; a more
accurate calculation with allowance for the dependence
of the logarithm in (5) on ¢, and ¢, in the final expres-
sion for the mass leads only to a slight redefinition of
A.

The mass of the scalar particles are determined by
the second derivatives of V,+8V, calculated at (<p§°))
=p,/N2. It is easy to write out the equations for v;:

p,’+A‘v.‘+ l/z (qu"‘klz) U22=0, Mzz+l:zvzz+l/z (An_klz) U|’=O- (6)

Using (6), it is a simple matter to find the mass
spectrum of the scalar particles. Besides ordinary
Goldstones, which are not observable because of the
Higgs mechanism, we obtain, as expected, the states

1 Y2
a® = —[v,9 " —0,gi"], a®=-—"[v,Im 9" —v, Im o 1; (7)
Vg2 V2
V= (v.z+vz’) ’I',
with masses

2 2
A 3% g A (8)

2(g(0)) —
m*(a®) =0, M dn e

3
m*(at)= s g*g"* vt In

The expression for the mass a*’ coincides with that
obtained in the first paper of Ref. 6 by methods of chir-
al perturbation theory within the framework of the
technicolor model.

We consider now the case of several doublets ¢,,
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i=1,...,n. Assume, as before, that the skeleton La-
grangian does not contain terms of the type (¢; ¢,)(0; ¢;)
and ((p{(p,)"’ ati#j.

The increment to the effective potential is again deter-
mined by vector-boson masses of the type (4), where
the summation over i is now over all the doublets. As
a result we obtain in place of (5)

2

STl 9

. 3 )

8V=—k ; (9e) (te), k= -Wg‘g *In
Using Eq. (9) for 6V, we might have proceeded as in
the case of two doublets, namely write the equations
for the vacuum mean values and substitute the solutions
of these equations in expression for the second deriva-
tives of the total potential with respect to ¢;. This
procedure, however, besides being very cumbersome,
has strictly speaking no special meaning whatever,
since in theories of the technicolor type there is no
reason whatever to be restricted to polynomials of the
fourth degree in ¢ in the skeleton potential. We use
therefore the following simple procedure.

It is obvious that even though the masses of charged
pseudo-Goldstone bosons result only from the incre-
ment (9) to the effective potential, these masses cannot
be calculated simply by differentiating (9) with respect
to ¢, at ¢, =(@). Proceeding in this manner we would,
for example, obtain a nonzero mass for ordinary
Goldstone bosons that increase the weights of w® and
V°. The reason is that addition of 5V to the skeleton
potential leads to replacement of equations of type (6)
by vacuum mean value, and this must be taken into
account. It is possible, however, to proceed in the
following manner. We replace the increment (9) to the
potential by the quantity

V=—k Z, (o @) (@) +k2 (o) (@t qy). (10)
i 2]

The second term in (10) does not violate the considered
invariance, so that its addition reduces to a redefinition
of the skeleton-Lagrangian parameters. On the other
hand, 6V no longer alters the equations for the vacuum
mean values v;, The mass matrix of the sought scalar
particles is made up of the derivatives of the skeleton
potential with respect to @, and of 5V. All the second
derivatives of the skeleton potential that have a bearing
on the matter should be equal to zero at equilibrium,
because the masses of all the (pseudo-) Goldstone par-
ticles vanish at 67 =0. Since, as already mentioned,
6V does not alter the equations for the vacuum mean
value, we cannot confine ourselves to differentiation of
5V only.

Direct differentiation of (10) leads to the following
mass matrix of the charged scalars:

2
%87 —k[*6a—vtn], vi= e, 11)

2y
(m )u |
(+) (=)
09§ a(p. o=y =1

Diagonalizing the matrix (11), we obtain one massless
Goldstone boson that makes W'* heavier, and n -1
particles that have equal masses (8). It can be shown
that the obtained mass degeneracy is not lifted in a
more accurate calculation of the single-loop potential—
when account is taken of the logarithmic dependence of
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(5) on ¢;.

If the technicolor concept is assumed, then A~1 TeV.
In this case m(a{*)~10 GeV.

What can cause the mass difference of these charged
particles? One of the possible causes is the interac-
tion of Higgs bosons with fermions.

Consider a scheme in which fermions with specified
electric charge receive mass from only one Higgs field
(one doublet). It is known® that this is the most general
type of interaction compatible with the requirement of
“natural” flavor conservation in exchange with neutral
Scalar bosons:

—gr= E h."[d.‘d.,’w.‘"' +J.‘u,_’(p,(+)‘]+2 h;"[in‘u..’q)?) —in‘dn! ;ﬂ'
i i

+2h,~[t.' o HLav gt ). (12)
1
The summing is carried out here over the generation,
so thatd'=(d,s,b...), u'=(u,c,t...), and I!
=(e,u,7...).

If the total number of doublets n>3, then the remain-
ing n — 3 doublets do not interact with the fermions.

The interaction (12) makes an additional contribution
to the effective potential, which takes in the single-
loop approximation the form®

V,--—-G—:n;Tr(mm")’ln(mmﬁ, (13)

where m is the mass matrix of the fermions in an
external field. It is easy to show that the matrix m in
(13) can be replaced by the matrix mg;, which connects
in the Lagrangian fields of given helicity:

LP~Fmp ¥ o +Hec.
(Obviously,
m=(mprtma*)/2+ (Mmar—ma*) ys/2.)

Since interaction with scalar fields (12) does not mix
quarks with leptons, the trace in (13) breaks up into a
sum of contributions of quarks and leptons. For the
corresponding mass matrices we obtain

h 0+ +)*

Py, Ry )

(@ _ ( m® = ( (RSN ¥
" ko, hag® "

) g

where k, =h{’, h,=hY!,... are matrices over the in-
dices that number the generations. The contribution
of the leptons to V, leads only to terms of the type
(¢3 @5)? In(@7 @,), which do not violate the considered
invariances. The quark contribution contains terms
~(p1@2)@s @)In ... . Direct calculation yields

OV == s Tr (bt i) (0:°0:) (95°90) — (01790) @) Jln 2 (15)
)4 mq

Here, as earlier, we have confined ourselves to

logarithmic accuracy. The trace in (3) can be easily

calculated by diagonalizing the matrices k!’ and h!'.

As a result we obtain

Tr(hy*thihs*hy) =

Tr(MAC*M.2C), (16)

vt

where M; and M, are diagonal mass matrices of the
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lower and upper quarks, and C is a generalized Kabibbo
matrix.

It is easy to see from (15) and (16) that the mass ma-
trix m? [see (11)] of the charged pseudo-Golstone bosons
takes the form

vo?, —uvwe, O,...
me = x| — V2ln v?, 0,... (17)
0, 0, 0,

3 mimyt.  A?
We have retained in (18) only the most essential con-
tribution of the heavy ¢- and b-quarks, and have re-
placed C=1.

(18)

%®

Using (11) and (17), we can find the eigenstates and
eigenvalues of the total mass matrix m? +m?, The true
Goldstone state

" =iv2'wp§+) (19)

remains, of course, strictly massless (and is absorbed
by the W boson). The state of the “charged axion” type

at) = _g'_[vzw‘(ﬂ_v"vz(ﬂ]’ vn=__[v'z+vzz]xh (20)
now has a mass
m?(aM) =m*+x (v,2+0,?), (21)

where m? is the mass of the charged bosons without
allowance for the interaction with the fermions, and is
defined by relation (8). The remaining n — 2 charged
scalar particles have as before a mass m2,

We see that the mass amounts to

. [mimsy 3 1\* A? _n
ww= () g (s ) s i 22)

At m,~50 GeV, v},~v*=(GpV2)™, x~1, A~1TeV,

and m,= 10 GeV we have

> Am=Am?*/2m,=~60 MeV. (23)

This figure should be more readily understood as the
lower bound of Am, since v, <¢*, x+1/x<2, and pos-
sibily A>1 TeV.

What can be said concerning the value of A in (22)
from the point of view of the technicolor concepts? It
may seem at first glance that, just as in (8), A~77.
This, however, is incorrect, since in models of the
technicolor type the Yukawa interactions are the low-
energy limits of the interactions connected with ex-
change of heavy gauge bosons of the “expanded techni-
color” (ETC) group, which transform ordinary fermions
into technifermions. Bearing this in mind, we can
easily verify that the real cutoff of the integration mo-
menta in the fermion loop is ¢® ~M%, where M, is the
mass of the ETC boson. From the known relation that
connects the masses of ordinary fermions with the
techniquark condensate and with M (Ref. 5)

2
8Erc

mg= F <(_)ch10>. <Grcorc> ~Arc®~rrc, (24)
we easily find that (g,.~1)
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In (A¥mg2)~In (Arc*/my?). (25)

Thus, the logarithms in (8) and (22) differ in the techni-
color model by a factor 3. For the ratio Am/m, we ob-
tain a final value

S Y

where 68, is the Weinberg angle.

Only one of the n -1 charged pseudo-Goldstone
bosons is split off on account of interaction with the
fermions. If ¢, are effectively regarded as elementary
fields, the only difference in the interaction between
different ¢;, besides the Yukawa couplings, are self-
actions of the type A(¢*@). In the higher orders of
perturbation theory, when account is taken of the inter-
actions u?¢® and rp* together with the electric-weak
or Yukawa interaction (without which the mass of the
pseudo-Goldstone remains strictly equal to zero!), the
charged scalar particles certainly differ in mass. The
'value of this difference depends, of course, on the
concrete values of the different A, but should at any
rate be small compared with m,=10 GeV and perhaps
also compared with the difference on account of the
fermion contribution (22).

In the technicolor interpretation there appear new
interactions that distinguish different composite doub-
lets ¢, from one another. For example, the doublets
can be bound states of techniquarks, having or not hav-
ing the usual color interaction. In this case one can ex-
pect splittings of the order

Am*~[ot, (Arc) /n] mo?®
(Am ~150 MeV at o, ~0.1).

Summing the content of the present section, we can
note that if the postulated approximate [U/(2)]" sym-
metry does indeed hold, we expect a spectrum of
charged scalar Higgs boson with masses in the 10-GeV
region, which differ in mass by an amount Am ~0.1-1
GeV. The characteristic decays of these bosons should
be the channels a'*’~ (c +b), (¢ +3) with widths on the
order of several keV."

3. NEUTRAL BOSONS

Whereas in the model considered with [U(2)]" symme-
try of the Higgs sector the charged boson acquire mass
because of the electric-weak interaction, neutral Gold-
stone particles remain massless, since they correspond
to spontaneous breaking of symmetry that is not broken
by the electric-weak interactions. An exception is,
of course, the axion,® which acquires a small mass on
account of the anomaly of the axial current. The ques-
tion of the possible existence of a massless axion was
considered in Ref. 4. If the number of doublets is n>3,
there may even be several such axions. Although at the
present time we do not exclude the possible existence
of the massless axion,* the possibility of existence of
a massive axion that decays into 2y is quite doubtful
from the experimental point of view. In order not to
enter into a contradiction with the existing constraints
on its existence, it was proposed’ to expand the Higgs
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sector by introducing one more singlet complex Higgs
field interacting with doublet scalar fields and develop-
ing a large vacuum mean value. In this section we ex-
amine how the described situation with charges bosons
changes in this case, and discuss neutral Higgs
particles. Since we do not adhere consistantly in this
paper to the point of view of a certain “effective tech-
nicolor,” we shall not assume that the vacuum mean
value of the singlet field V=(d% 2 is excessively large
(for example, V~10'* GeV, just as when the phantom
axion is introduced into the grand unification model).
On the contrary, we consider the situation in which,
say, V~10v,,=2.5 TeV.

We take any pair of the Higgs doublets ¢, and ¢,
considered above, for example the one that interacts
with quarks in accordance with (12), and assume that a
direct interaction takes place between these fields and
the complex singlet field & (Ref. 7):

Z'=1[(p:* @) *+ (927 )) @]

The interaction (27) obviously violates the invariance
of the theory with respect to the independent SU(2) ro-
tations of ¢, and ¢,. It is therefore clear that the
states of the charge-axion type considered in the pre-
ceeding section,

@7

a9 = oo, vum(oitol) (28)
12

acquire a finite mass that does not depend on the elec-

tric-weak interactions. The value of this mass is easy

to calculate. It turns out to be

v <™

Yv: 1 - -~
5 o~ g V=(®>¥2. (29)

m’(a")=——-—(z+—x-) )
Although by assumption V is a large quantity, we
shall see below that within the framework of the tech-
nicolor interpretation one can expect a very small
value of y, so that m(a‘") (29) may turn out to be only
a negligible correction to the electric-weak part of the
mass a* (8).

As for neutral bosons, which are combinations of
Im ¢, Imp{®, and Im &, the situation here is the
following. The state

g(°)=}"2-u,;’ [v, Im (p,(°)+vz Im (pfo) ]

is a true massless Goldstone that vanishes from the
spectrum of the real state because of the Higgs mechan-
ism. The state

ai = .v—z[ v, Im @{” —v, Im ¢3" +—Y—( z+ L) Im (D] ,
Nr 2 z (30)
Ilﬂ 1 2
Ne=vi+v.? + — (z + —) ,
4 z
is a “phantom” axion” and its mass differs from zero
only because of the anomaly and equals

() 2famax 2" [ 4v,.* ~'h Uiz
= — B ~ —_— keV].
m{ar v V! I"z(z+1/z)’] 150 (%) tevi- (3D)

Here N is the number of quark doublets, z =m,/m, [for
numerical estimates we put in (31) f,=90 MeV, N =3,
2=0.56, v, =(GpV2)"/2 =250 GeV, and V> v ,].

Finally, the state orthogonal to the Goldstone g(°) and
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to a},") is the following combination of fields:

2

a"= L[ v, Im " —v, Im ;" — —zi'i’- Im (D] ,
Ny 14 32)

41)’:”': (

v: o

Ngl=v+v,2 +

The mass of a§°) contains a normal part and a small
anomalous part (the latter coincides, accurate to v,,/V,
with the mass of the standard axion). Neglecting the
small anomalous part of the mass, we have

m? (a,§°’)=—72£(x+ 1/z) +2yv,v,. (33)

If v>v,,v,, then the phantom axion consists almost
entirely of Im &, and therefore becomes difficult to ob-
serve (it interacts weakly with quarks and leptons). We
see, however, that in this case

as” =V2v,, v, Im @ —v,Im ¢ ],

i.e., it almost coincides with the standard axion (7).
Therefore the coupling of a§°) with quarks and leptons is
entirely the same as for the standard axion. If we call
a®) a phantom axion, 4{”’ can be called a resurrected
axion.

The main difference between the resurrected axion
and an ordinary one is that a{’ has an arbitrary mass.
To visualize the possible scale of this mass, we attempt
again to turn to the technicolor picture.

Assume, as before, that the fields ¢, and ¢, consist
of the techniquarks @, =(U,,D,) and @,=(U,, D,) and, in
addition, there exist the techniquarks ¢, and §,, which
are singlet with respect to the Weinberg-Salam group
and whose bound states form two singlet complex scal-
ar fields: &~W¥,,¥,, and &, ~ ¥, ¥,;.

The independent phase transformations of the fields
¢, and g,
q>..=-*8‘“‘~'q>x,z

corresponds to independent hypercharge transforma-
tions of the techniquarks?’ @, ,:

Ql,z_’e{a"xr"'ol,b

The transformation with o, =a, =a is the usual Wein-
berg-Salam gauge transformation of the U(1) group,
and at @, =-a, =a we have the Peccei-Quinn trans-
formation.?

The independent chiral rotation groups of the techni-
quarks

W, et 2y,

generate independent phase transformations of the fields
&, and &,:

@, >eP®, . .
In fact, however, the theory is not invariant to trans-
formations with B, =g,, because of the anomaly connec-

ted with the ¥, and ¥, technicolor interaction, since
only the transformations with g, =-g, =8 remain.

In the absence of an interaction that transforms the @
quarks into ¥ quarks, the following independent phase
transformations are possible:
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Qe Qe
and
- D>, DO;>e PO,
y’u X /Z gu
. ?
! { ylll( -x/2 I’ }ﬂ
£ £,
¥ L i k A
-x/2
Q* +
- nr
x/Z

The mixing of the @ and ¥ quarks on account of ex-
change of E bosons of a certain expanded technigroup
(see the figure) leads, however, to an effective interac-
tion of the type v(®}®,)(¢; @,), as a result of which the
theory remains invariant only to the one-parameter
group

Qe %y,
DO,—~e~0,.

‘Pi_’e‘u@u
O, —~eQ,,

This situation is perfectly analogous to the interaction
(27) considered above. We can therefore attempt to
estimate the value of the constant y from the diagram
shown in the figure. Withinthe limits of heavy E bosons,
we have

2 2
1V Vi, = B (T QQO@00rt, (34)
EL,WER
where 7§ stems from integration with respect to dx,
which is cutoff by the smallest of the radii of the com-
posite bosons ¢,, p,, and &,,®, (after calculating the
traces of the matrices y, we have put

Je( o (3) v () = (-3)%(5)
e(-ge(z))(a()e(-3)

=r T, W (T, W,)40,0,04T0:0),
where (¥,¥,) =(¥,(0)¥,(0), etc.).

For the estimate (34) we assume that 7,~1/V(r,< 1/v,
V,~V,~V, v,~v,~v), and (¥~ V*, (QQ)~v*, and
&erc~1. Then

v

'{~—;27, m(ay’ ) ~VyV~ (%)(m> v. (35)

Let, for example, V~10v=2.5 TeV and My ~10¥ =25
TeV. In this case m(al?’) ~250 MeV. We see thus that
the mass of the resurrected axion could fully amount to
hundreds of MeV. At the same relation between v and
V, the phantom axion has a mass ~15 keV. '

We note that from the experimental point of view the
masses that are admissible for the resurrected axion
are at any rate larger than the difference my ~m,, so
as to make the decay K~ 7 +a{’ forbidden. It is known
(see, e.g., the review'), that the failure to observe
this decay in experiment may serve as one of the proofs
that a standard axion does not exist.

Obviously, interactions similar to (27) can be pro-
posed for any pair of doublets ¢; and ¢,, ¢, k=1,...,n.
In this case, of all the [U(1)]” symmetries correspond-
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ing to independent phase transitions of ¢;, there can
remain, generally speaking, only one—the Peccei-
Quinn symmetry.? (In the considered example we have
o ~e'%,, 0, ~ e 1%, and &~ e'%®.) Accordingly, one
Goldstone particle should be observed—a phantom
axion and n - 2 neutral Higgs particles with mass of the
same order as (35), i.e., say, several hundred MeV.

Of course, the values cited for the masses of the
phantom and resurrected axions are absolutely arbi-
trary. We wished only to illustrate that within the
framework of the technicolor ideas all neutral particles
can acquire mass and still remain sufficiently light—
lighter than the charged pseudo-Goldstone states.

We arrive thus at the following picture of the possible
pseudo-Goldstone technicolor particles.

There exists a set of neutral pseudo-scalar particles,
which conserve the flavors and parity in the interaction
with the fermions. The masses of these particles are
‘known, but are assumed to be less than 10 GeV, the
latter being the characteristic mass of charged pseudo-
Goldstones. All the considered neutral bosons have a
direct interaction of ordinary strength (~m;/v) with
quarks and leptons, because all these states are ortho-
gonal to the true Goldstone state Y v, Im¢{®’ and there-
fore, generally speaking, are contained in ¢,, ¢,, and
@;—the three doublets that interact with fermions.

There is possibly one very light neutral particle (the
phantom axion), whose interaction with fermions is
strongly suppressed (~m;/V, V> v).

There exists a spectrum of charged Higgs particles
with masses grouped in the region of 10 GeV, with a
characteristic difference 0.1-1 GeV. The charged
Higgs bosons decay predominantly into heavy fermions,
and we therefore expect in the main decays into ¢ +3 or
c +b, with a width of the order of several keV.

The described rich spectrum of pseudo-Goldstone
particles is the minimum possible set of light techni-
color bosons, since we have used the minimal [U(2)]"
symmetry, which is present in practically all the
known technicolor models. In fact, these models us-
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ually have broader symmetries, the character of which
depends, however, on the details of the considered
model.

We are grateful to D. I. D’yakonov and M. A. Shifman
for helpful discussions.

h\We note that although in the initial Lagrangian only three
doublets interact directly with the fermions, all the physical
particles with definite mass have a direct connection with
quarks and leptons.

This follows from the identities®

(+) - i
(‘P )N( T2 mx)’ ua=_5_01“ao'

@0 O+irts
1 u
o=—700 0= ( D) .

‘e i+ DpU,~D Ug
o ( ‘P(u)) (ULUR+DRDL ) ’
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