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Abstract

We propose spontaneously breaking technicolor. thus liberating techni-
quarks and suppressing large resonance contributions to the electroweal
S parameter. The dynamics is modeled by a fermion hubhble approxima-
tion to a single massive technigluon exchange potential. This contains a
Nambu-Jona-Lasinio model with additional interactions. “Virtual” vector
mesons occur and contribute to S, and their cffects are studied. Models

of broken technicolor are discussed.
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I. Introduction

Technicolor is the collective name for a class of models attempting to explain
electroweak symmetry bhreaking by coudensates of fermion-antifermion pairs, driven
by a new strong interaction [1]. All versions of technicolor (TC) imitate, more or
less, the known dynamics of QCD chiral symmetry breaking. The technlcolor inter-
action is assumed to be an unbroken, and thus confining, strong interaction amongst
techniquarks, which also carry clectroweak quantum numbers. The resulting chiral
condensate of techniquarks then breaks the clectroweal gauge symumetry. The ex-
tension of the theory to give the fermions masses [2] Is made somewhat awkward by
the twin constraints of flavor-changing neutral current processes and the large top
quark mass. Implementing these constraints in extended techuicolor (ETC) leads
to additional model building reguirements, such as a walking technicolor coupling
[3] and eritical or suberitical extended technicolor [4]. The mass of the top quark
can then be generated citlier by a “subcritical amplification”™ involving tuning of the
ETC four-fermion interactions near to, but below, the critical value, or hy generating

techniquark and top quark condensates together. through ETC effects.

There is a second difficulty which appears to wmply that techuicolor theories are
no longer viable. Techni-resonances such as the techni p and techui -4, arising from
confinement of techniquarks, produce large contribntions to the eleetroweak radia-
tive S paranieter, a measure of isosinglet electrowealk synmmetry breaking at the loop
level [5,6]. In a QCD-like theory these can be treated by resonance zaturation of
superconvergence relationslips, such as the Weinherg sum rules [6]. Recently, precise
measurements of electrowealk interactions have placed a new constraint on the S pa-
rameter, currently at 90% (95%) to < —0.1 (0.0} [7], relative to the minimal Standard
Model with the Higgs mass equal to the Z boson mass. In technicolor theories treated

as scaled-up QCD-like theories, we liave:
S =~ (0.10)Nye Nyp + 0.13, (1)

where the two indices are the number of technicolors and clectroweak techinidoublets,
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respectively [6]. In walking technicolor theories,
S = (0.11a — 0.070)NreNypp + 0.13, (2}

where a, b are constants of order unity [8]. The final coutribution in both cases comes
from taking the Higgs mass to ~ 1 TeV. By comparison. the perturbative form of S

from fermion loops alone [3] is:

S = Q\YT(“'-'\"’TD/G?T ~ (0.0-‘3):\"]'(-.'\"’1*1). (3)

If techuicolor theories ave to be viable, their contribution to S mst bhe minimized
somehow. In the present article, we wish to present au alternative realization of tech-
nicolor as a spontancously hroken gange theory and study to what extent this can
suppress techni-resouance contributions to the S parameter. In such a theory, the
effective coupling constant must be just large enough to drive the formation of elec-
troweak condensates, but the technicolor interaction kept shovt-range. approxiniately
s—wave and not confining. While scalar bound states such as the Nambu-Goldstone
bosons are formed, the unconfined technifermions do not form the offending vector
resonances which give large coutributions to the cocfficients appearing in 5. There
are, however, “virtual” resonance poles formed at a scale above the breaking scale.
The effects of these virtual resonances upon S must be included. We sce below, in a
large—N analysis, Low the iutnition of a suppressed S iu spontancously broken tech-
nicolor is achieved. While we find that there is suppression, S never falls below the

usual result for free fermion loops. within the domain of validity of our analysis.

The proposal of a spontancously broken techinicolor {SBTC) is not really so rad-
ical in light of other recent ideas about electroweak symmetry breaking. Another
alternative for dynamical clectroweak symmetry hreaking is to abaudon new tech-
nifermions and suppose that the top quark itself forns a condensate and acts alone
as a techniquark [9). A preliminary gange form of this dynamics hias been given [10],
and the requirement that the clectroweak p paranieter he approximately unity forces

some radical fine-tuning: citlier (a} the scale of new physics A is very large, e.g., 101°
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GeV and the fine-tuning very severc for the effective quadratic interactions, or (h)
supersymmetry must be invoked, or (¢} mgp >> 200 GeV and an ed hoc cancellation
must be arranged against the large positive top quark coutribution ta p, such as a new
heavy Z' or a new broken SU(2),-. These problems disappear if a fourth generation
is invoked [11]. In these cases, the number of degrees of freedom contributing to S is
minimized. Moreover, in these models we are dealing with a new strong interaction
which is itself broken and does not confine, but which is sufficiently strong to be near

or beyond ecriticality.

We cannot solve strong coupling models without resort to some approximation,
such as the leading-2" fermion bubbles, or ladder approximations. Our view of the
dynamics is that a given SBTC gauge theory is described by a gauge gronp, Gepre.
The theory must he asymptotically free at high cucrgies, If we turn off the breaking
mechanism, then it hecomes a confining theory with an infrared confinement scale
Agprc. However, we imagine that some mechanism intervenes to break Gspre — G
at a scale A > Aq¢pre. We assumie to start off that G' is a null group (that is,
complete breaking; we could generalize to have nubrokenr subgronps that contain
U(1) factors or are frarved free). Thus with G7 null, all of the technigluons acguire

a mass M ~ g(ANA' where g(p) is the Gepype conpling and (M) ~ O(1 - 10).

At the scale Af we can integrate out the gauge bosons and replace the gauge
interactions with four-fermion effective interacticus. Tlns at and helow this scale
we have a Nambu-Jona-Lasinio (NJL) model [12]. Our criterion for the symmetry
breaking of the theory we take for the sake of simplicity to he the usual fermion
bubble, Nambu-Jona-Lasinio result, that a chiral symetiy breaking scale or wass
gap 7 be spontaneously generated for sufficiently strong coupling. We then study
the effects of the virtual resonances p and A, in the model i leading order of 1/ NVre.
This may be viewed as a wmodel calculation whicl seeks to nnderstand divectly the
virtual resonance contributions to S without use of the Weinberg sum rules. We find
that the resonance contribution to § is always positive, and in the lhmit of tuning a
large hierarchy between A and the chiral heaking scale ni. we recover the usual free

fermiion result.
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II. A Simple Model of the Dynamics

Consider an SBTC theory, witlhh a single fermionic flavor isodoublet (Npp = 1,
Nrp = 2) of the form v = (U7, D) which also carries an SU(Np¢ ) color index in the
fundamental representation. We do not preseutly concern ourselves with aunomalies.
We assumne that the SU{NV;¢) local gauge theory is broken wo a global SU{Nre)
with Nre colors. {Our discussion can be generalized to Nyp > 1, and other breaking
schemes are mentioned in section IV.) We can write the effective crirent—current form
of the fermion interaction Lagrangian due to siugle gluon exchange of momentum
transfer ¢* << Af? as:
fj?' _ At P At
“Ipi Y ey 3

where the At are the SU( Ny} generators, Upou Ficrz rearraugment. keeping only

'Cint =

e (4)

leading terms in 1/Np¢. this iuteraction fakes the forn:

Y rn T : N ‘
L = 3p (Vrennps + 0o opupr ey

1- - 1-
—gf,-‘"’}',;‘r“e.’*l,"’}f“T i — gt 15T Ty T

1- 1- s
"'g'fﬂ Lt U’"} - 'é'i” Vi & 1 ! '-')ﬁ»') . (3)

where ¢y = (1 — )0/ 2, vp = (L4 )2, Heve 79 are Paull matrices acting upon
the flavor isospin indices. Notice the SU(2); x SU{2); invartance of this interaction,
where the full chiral group Las an SU(2) vector custodial subgroup. The first two
terms are Nambu-Jona-Lasinio interactions, and Af? plays the vole of the cutoff. {This
can be rigorously checked by comparing arguments of logs and finite corrections in
various amplitudes; it is generally found that A7 can be identificd with the NJL
cutoff with small residual corvections.) The vector-vector and axial-vector -axial-

vector terms generate tlic resonance contributions to the S parameter,

We begin by demanding that the theory produce a vacuum condensate at low-

energy, or equivalently, a dyuamically induced effective fermion mass. The most
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general induced mass term can be taken to be:
myng + dmp Ty, (6)

The fermion mass is generated self-consistently by its own self-energy in the NJL
sector of the theory. This cousists of the first two terms of the rhs of eq.(D). In the
leading- /N approximation. only the NJL interactious can contribute to the mass gap.
The resulting gap equations for m and dm are most conveniently written in terms of

my = m =+ om:

2NN " 2 . . . . . 3
mg = g—(sfl_af-’)—ﬂzlq [nu.(.\[“ — g 111(.:\12/1711 + 1))+ (M = (AL + l))] .
(7)
We therefore see that b = 0. and the symnretric mass wr satisfies the NJL gap
equation:
A Nye . . ) -
= Q-:Tfj—ﬂz—l—-em [ﬂfz ~ m? (A% m® + 1)] : (8)

We ignore the trivial solution m = 0. Thus, the condition that a chiral condensate
form in the theory at scale M is the usnal condition in the Nambu-Jona-Lasinio
model:

gHM?) = 47y [Npe 2 47 [ Noe, (9)

or 7 > 1, insofar as the large-N limit is valid. For marginally critical coupling,
n — 17 and m — 0: while for large 5, m — oc. We implicitly assume m < M for an
effective field theory, so that ;< 3.3. We also note that the argument of the logarithms
(14 A2/m?), can be replaced by 1f2/m?, since upon expandi ng, the corrections are
higher order in m2/3/2, and we have already truncated operator corrections of this
order in writing ec.(4). This implicitly requires m to he small compaved to M and
7 not much larger than unity. Note that the result & = 0 is an example of the
Vafa-Witten theorem [13], that vector symmetries canuot be dynamically broken. In

this case, ém = 0 proserves the vector custodial SU(2).

Let us argue now on general theoretical grounds that there can exist a sponta-

neously broken, asymiptotically free, theory that is unconfining vet sufficiently strong
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to form a chiral condensate. If we take ¢*(;t) to be the running coupling constant on

scales pt >> M,
8’

- boIn(pe/Nspre )

then, if we assume ¢?(A/) is marginaily eritical. we Lave the ratio of M to Asare

g*(pe) (10)

given by:

M .
T = exp(2Nye /) (11}
Asore
where LN 5N
by = LSRN LA (12)

3 3
Therefore, we can, by judicions clioice of Npe and Nypp, make the ratio M/Ag¢pre ar-
bitrarily large. This includes a “walking theory™ in which by ~ 0. or Ny p ~ 11N /2.
For Np¢ very lavge, we then expect the Nambu-Joua-Lasinio approxiniation to the
chiral dynamics to he very good. Of course, this mierely demonstrates that such an
SBTC theory can exist as a matter of 1)1'i11¢i]310, while our specific model results ave

expected to be less reliable.

Since the SBTC condeusate breaks the clectroweak gange svimnetry, there are
two charged and one nentral Nambu -Goldstone bosons [12.14] which become the
longitudinal W and Z bosons respectively. The decay constants of these Goldstone
bosons are denoted by fy-(p°) and fr(p*) respectively. beiug generally functions of
momentum transfer p?. Tlhe decay constants oceur i writing tle vacuum polarization

tensors for two-point functions of electroweak currents, Let us define:

,,(p%) = (Gue — pupe /7 )T(pP). (13)

Then we have {in the convention of writing kinetic terws for gange fields as (= 1/4g?)F,, 4,

e.g. see ref.[9]):

2 1, i
Me(p?) = ( '—fﬁ-’)
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: 1 . .
it = (- 1)
3alf g% VA
R 1,
Mao(p™) = (71}‘) (14)
92

where g9 is the SU(2), gauge coupling. These are left-handed current—current two
point functions, with %(1 — +%) projections. Since custodial SU(2) is unbroken. we

have my = m_ and [1y = I3, whence:

04 3
fy =1tz = M-Iy (13)
| 4
= —E[H:m — [T, (16)
where use has been made of Q = [,3+ lg- and 1717 (4.4) are veetor (axtal vector) two-
point functions, and the factor of 1/4 arises from the J} in the left-lianded projections,
1 5
z(l =)
Let us make sonie preliminary comuments abont the physical meaning of the 5, T

and U parameters. In general, we can expaud fi.(p?} aud f2(p?) in a Taylor series

in p*:
0 , 1, 1,1, )
JRt) = fo 5o’ + 5T supt+ (17)
2 2 2
2 2 2 1 2 1 2 ]. 5]
Few?) = Jo+ 500" = 57I0 - Ger” 4 (18)

fo is just the Higgs vacuum cexpectation value i the standard model. We use a
normalization in which f3.(0) = 1/4 V2Gp, or fir(0) &= 123 GeV. Furthermore, note
that the {isospin-breaking) 7 parameter is just a rewriting of tlie p parameter, since
p = fE{0)/f3(0). The parameters ¢ and w are the isospin-conserviug and isospin-
breaking measures respectively of phyvsics contributing to the p* evolution of the
low-energy effective thicory. The p? expansion about zero is strictly valid only for
heavy contributions to the f%(p?), hecause singularitics would oceur for. c.g.. massless

. . . > . .
neutrinos which give ~ lup” terms in o, 7 and w. However, the physical electroweak
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observables actually depend on the fy(p?), not ou their derivatives, and the fy(p?)

are not singular, only their derivatives are at p? — 0.

With the conventional definitious of 5, T and U [6]:

d

S = 16?T01J2 [H:i:} - HtiQ]p:=U (19)
T = AT My — Ty (20)
T s feostOME UE I
. 2 :

U = IGTTON2 M — H:;:{]P:=U . (21)
we can obtain the following relations to the decay constant paramcters introduced
above:

28+ U U sinf@cos?OMET o
= ——. = . = - = 4. 2
7% 1on 6r Imo? 2! (22)

Note that in the limit of exact custodial SU(2) symmetry, T = U = 0, and 5 is

. . . . T
equivalent to ¢ and paramecterizes the p? evolution of f2 in the theory.

Let us now focus upou the guantity:
2y 2 _ 1 ni"\' H.'-,\ 23
)y = == Iy ~ 1. (23)
4
defined in terms of the vector and axial-vector current correlators. First we compute
1
vV,
11357

Vi 2 . - 7
[H33 J(P );w = !(OI T w%—i—u: L_M‘,-ng‘;, r[])

Nre
42

/-J dx {.z:(l — )G — pupy )l
0 S e
xIn {212 0m? = (1 — o)} (24)

Note that this expression is transverse, as it should be. owing to the couserved vector
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current (CVC), p*idy,(73/2)er = 0. Now we compute TIY:

' B T3 - T3
HOIT sy v 855 w10)

i

M55 ](P*)

Nre

l B a
= 472 [U dx [7(1 - j‘l)(g;wpz - P.upu) - U;:u?7?42]

x lu {;\1’2/(1712 - (1~ .1:]1)2}} : {25)

This expression is not transverse, owing to the dynamical symmetry breaking (m # 0).
However, if we now sum the leading large—Npe effects of the NJL interactions, and
malke use of the gap equation, we form the Goldstone pole in the usual way, and then

the full amplitude becomes transverse:

T : Ny Pulv ' : ;
[H;34 (Pl)iw = 12 (g.uu - ;)12 )/(; dx [.l'(l - "')Pl - ”‘]2]

x In{ar2/(m? = (1 = 0)p*)} . (26)

These expressions contain the usual pure Nambu--Jona-Lasinio result for the decay

constant:
272 R
) = 3 [H:za — Iy ]
-:\‘TT(' L 2 2 2 3 .
= 1_6_7"—2/0 dae(m ) ln[AL5/(m” — (1 — x)p?)]. (27)

It is instructive to write the expressions for gencral niy [9]:
2 2 - l\r a2 -2 ! lrl \.[2 2 . Al
faelp™) = 5 remi(4m) | n[Af7/ (s — (1 — 2 )p)Y
Lo s 2 f! NS TN S 2
+:—2-;\ pem = (4r) deln[ M7/ (mZ — {1 — r)p®)]
0

< 9 - E i - .
foot) = -\"TC‘(477)—2/0 (l;l.'(:r'mi + (1= r)m?)

X 111[.’\[2/(.1."1i'?.i + (1 =w)m? — (1= e)p?)). (28)



-10- FERMILAB-Pub-92/218

We write f% and f2, to deuote that these quantitics are obtained in the NJL APProx-

imation. Expanding in p? and extracting the coefficients we find for the S parameter:

_ Nre 1 2 4.2 .
S = E"[l_?“{””/”’"}]‘ (29)

while T is, modulo an overall factor, just the usual Veltman expression for dp:

Ny 2 9 2mim? 2, o
T = T | m? = = S|
O 7 IrsinZfcost 0203 ['”4* e Ty e /) (30)

This is the standard resnlt for free fermion loops. Heuce. a spontaneously broken
technicolor produces in thie NJL approximation the usual free fermion loop result for
S. We note that for i, =m_, T =U = 0.

Next, we include the additional vector-vector and axial-vector—-axial-vector terms
of the full interaction Lagrangian. Tlese are generated when one performs hubble
sums of the vector-vector and axial-vector-axial-vector terms. The full bubble sum

of the vector-vector interaction yields:

TV Vi, Ny a8 Pl
[H33 ](p‘z)#lf = I:%(ﬂ,uu - _tz_) (31)

< Jo drv (L — )t n {2 (n? — (1 — r)p*y}
[l — (G Npe [47?) jul de a{l —e)p?n (A2 2 — (1 - .1')]}2)}} 1

where G = ¢g*(M?) /M2,

We also sum the full axial-vector amplitudes (note that this is a donble sunation,
of those interactions producing the Goldstone pole together with the axial-vector-

axial-vector vertices):

=AAL o _ Npe Pulv
Mg 10 = 75 (g — ; ) (32)
y B de (21 = )p? = mA) I {AL2/n? - (1 - cp?)}
[1 — (GNype /Am2) f da (r(1 — )2 = n?) 1 {A2/(m? — (1 — .e')p'z}}] .




-11- FERMILAB-Pub-92/218

We now observe that the theory generates wvirtuwal vector meson poles. We refer
to these as wirtual resonances hecausce the poles oceur at p? > M?, which is beyond
the domain of validity of the cffective theory. For p? > Af?%, there are ouly quasi-
free technifermions and no bound states. Nouethceless, thie offects of these analogue
resonances are real on scales p? < A%, and they give a noutrivial result for S.

We can consider the ratio of the denominators of eqs. (31) and (32) at p> = 0 as a
definition of the ratio of the off-shell mass-squares of the vector (p) and axial-vector

(A1) resonances, m2/m? :

m? RVE
Lom e (33)
mA My +m2In{d2)/m?)
where M¢ = 47%/GNype. We note that:
;\'r" 'G.“.[-) B 5 ’
p= T = A2 (34)

12

Recall that 1 = 1 corresponds to the critical coupling and that condensation requires

n > 1. The gap equation then states:

2
1=n]l-—- ﬂ?—zln(.ﬁfgjmz) (35)
so we obtain: )
m 1
L= (36)
iy, 1

Our model does not give the usnal Weinberg sum mle result for QCD, that this ratiois
one-half, nor should it. YWe do not have real p and A| resonances, aud we cannot argue
that Ty —I14.4 is saturated by resonances. We should not expect the present model,
which captures the features of chival synunetry breaking dyiamics, to be applicable
in general to QCD. In particular, the local luteraction docs ot confine. Thus the
model cannot be taken as very accurate for the higher (e.g., vector) states of QCD.

Ou the other hand, the four-fermion iuteraction eqs.(4,3}) is eract in the hroken case,
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subject only to the low-energy and large-V approxitations. So we should expect the

results to be reasanahle for broken technicolor.

Now we compute S:

g e —

S = —4?1'@5 {Hi'\' - H"‘"“]p’-‘:U
= ATC b (M'l/m'*)dl)(l'"'l*) (37)
— in i U‘.’

where we note that the In(A/%/m?) is a function of y by the gap equation (8, 35). This
relation is plotted in Figure 1, and we discuss it in the Conclusions. Notice that when
we tune the theory near to criticality, 5 — 1%, aud $ reduces to the conventional
free fermion loop result, Ny /7. The model caleulation bhecomes unretiable as the
logarithm becomes small, hecause the mass gap i approaches the cutoff A4, Notice

that with m < A the paramecter S does not drop below the free fermion loop value.
II1. Effective Lagrangian Approach

It is instructive to analyvze the virtual vector meson cffects by way of an effective
action approach. We rewrite the four-feymion interaction Lagrangian by introducing
auxiliary fields which correspoud to Higgs, techni-p and techni-A; states. These
auxiliary fields are non-dyuamical at the scale A/, having no kinetic terms, but they
become dynamical fields from the cffect of the fermion loops as we evelve the effective
action to scales g < M. We cannot argue that these are real propagating ficlds since
the energy scale of the poles for these virtual resonance states is as large as the
cutoff scale Af. But in computing S one is interested in the low-encrgy effect of the
virtual resonance kinetic terins, and one can reliably obtain the correct answer i this
approaclh. Hence, in this section we briefly explain how to obtain S in the cffective
action method. We proceed in two steps. First, we introduce auxiliary fields to rewrite
the Lagrangian. By integrating out the techini-fermion degrees of freedom, we obtain
the effective action for the Higgs, techni-p, techni-A;, and SU(2), x U(1)y gauge

fields ¥, and B,,. In the sccond step, we eliminate the techni-p and techni- A using
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the equation of motion. In this way we obtain the low-energy effective Lagrangian
for the SU(2);, x U(1)y gauge fields. The S parameter is casily read off the Wf - By
mixing term in the low—energy effective Lagrangian.

The full Lagrangian of SBTC, after introducing auxiliary fields, is:

. 1 5 1 — 5]
L = & (—}-»D“_q) ’;7 _ptm— 2 )u.

A2 M?

—_— T T S P ] . A Ak
_2g'2 tr(pP’) 7 tr(V, 14 4+ A, AN, (38)
where:
. v 5 1+A.’; - ].""";"_'
D;; = fa“ - "',u - -4;4.7' - ng,u 2 = 92}]";:_":2——)- (39)
For the sake of brevity we write
3 TQ 3 Tu 3 .T.t’l
J— [41 — s K —_— | €
¢=Zﬁ;ﬂ W=ZM3* %zz%?
a=0 = a=0 az=()
3 o 3
T T
W, = H‘(:——, B, = B‘_—, (40)
H — Il ) ! I 2

where 79 = 1. ¢ and gy arc respectively the U(1)y and SU(2), coupling constants.

It is convenient to make a shift of variables as follows:

-0 92 o-
Ve — V- Pl ‘5““#
ﬁ‘—+&—%m+%mp (41)

After shifting the fields and hutegrating out the fermion degrees of freedo, the effec-

tive action becomes:

A 1] — -3
I = —iNpeTr I (i'y'”D,, - (I)l -;’} — ¢t 5 d )
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iArt M2 g1 02 s
AL . T N2 04 _ H=r 2
+/dl(~zﬁnw®)*5;nuw-?@, 211,
+u(d, - 28, + 2w, 1) (42)
2 2
We obtain the kinetic term, cubic interaction termi. cte., of the effective action by

expanding the above expression i ters of the ficlds aronnd the vacuum, The vacuum

expectation value of ® = m satisfies the gap equation:

- dp 1 Af?
4N~/ = 43
L@t —md T g2 (43)

Using the auxiliary field miethod. the leading term in the 1/:Vpe expansion is obtained
by carrying out the fermion one-loop caleulation. The kinetie term which is relevant

to calculating the S parameter is:

g
Iiin = /
: (27)4

[ (V=) M =™ + ¢")

+ (B, () B A=) = ¢ + "¢

+ (VL AV(=a) (=g + ¢"'¢")ei ()

+ (A (A =g (=P + g ) elg?) + o eal g hm?)

.A.!,! - h 42 1 2 71 ga . 2
ol = 5B = SWT (A = 50+ T ()
Here:
aled’) = Y1c /l da (1l - 2) ln[.\['-’/(m? — {1~ -i')qz}]
(2m)2 Jo
C-)((-Z) — _\.'TC‘ jl dr ‘111["\&{‘2/(”22 _ L{]. _ ?')(2)] (45)
M (2m)2 S0~ TV - Ak

We have used the unitary gauge so that the Nambu -Goldstone hosons are already
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abosorbed into the axial-vector fields. The kinetic terms for Higgs and charged scalars

are omitted because they are irrelevaut to the S parameter.

In order to obtain the low-energy effective action. one has to eliminate techni-p

and techni-4; by using the cquations of motion. The solutions of the equations of

motion for the previous action are,

2
~ 4 G T+ VD b2 cc-
Vi = | —F=— % 4 == (e
H ( qz _ ”],ﬁ JHU 2
1a IJI;"’ZJ —q?g;w + Tt G2 1 v -au
-"iﬂ = - ] 5] 9 + _‘:"uu .__T‘ »
my, -y, 2
for @ = 1,2, and:
V3 — —q2g!'” + Gt + g (q_iB:/ + y—zl'l-’”“)
. ¢* —m? ! 2
2 2
: My = + Gy g1 92100
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Substituting this expression into eq.(44),
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i

q

)

(47)

(48)
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2 2
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. ER—
4 g me
2\ . m?2 .
+ %) —-leam? g+ ep—Loe (— P + )]
”I'h [ In:,”
i
G105 y m? . ;
5 BW 5=l g" + ¢"¢")
q* — m?
2 2
m . m .
+—(eam®g" — o) L (2" + Q“q”))]} - (49)
m3 ¢ — m?,

Now we can compute the § parameter. From e¢.{(19) the § parameter can he
written as:

S = —1671T},(0), (50)

where I3y is just the coefficient of the G192 B,V term in the effective action. We

therefore have:

2 2 112
1 m 5 m ., m; >
Hm" = - 2—”-—-—;(‘1(1' - 2'0 (CQ?N— + '—,E—pz—(flq') . (51)
4 [gF —m3 my, q° — g,

It can also be shown that the first term is [Ty and the second term is =11, ,.

Substituting this expression and eq.(45) into e (50} we abtain

AL Ag2
=i’—c(1+(ln%-—1)(1-%)) (52)

e %
which is as in eq.(37) with 5 = m¥, fm?.
IV. Breaking of Technicolor

How is the technicolor interaction broken? The hreaking can eitler involve addi-
tional interactions, a somewhat epicyelic scenario, or it may occur in certain gauge
theories automatically. While we Liave no compelling self-destructing theories in mind,

they can certainly exist {“tumbling” [15]). The unitary, orthogonal and oxceptional
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Lie groups have complex (chiral) representations and thus in principle can break
themselves. (Symplectic groups are real.) Unfortunately, there are no chiral gauge
theories, at least with minimal fermion content, that break themselves completely or

become null in the sense defined earlier [16).

<
free, anomaly—-free SU(N') theories were classifed by Eichten, Kang and Kol [17].
The SU(3) model requires seven 3 and one 6 representations. The degenerate most
attractive channels for condensation are the 3 of the 3 ® 6 and the 6 of the 6 ®
6. There is, after instanton effects arve taken into account, a global symmetry of
SU(T) x U(1). The clectroweak theory is embedded by assembling four 3 into two
electroweak doublets with hypercharges ¥ = 1, leaving the remaining three 3 and
the 6 as electroweak singlets. The hypercharge group can be embedded in an SU(2)g
symmetry. The theory has no electroweak, TC or mixed anomalics. The electroweak
corrections to the effective potential of the vacuwn favor the 3 of the 3 ® 6 as the
most attractive channel, where the 3 are the electyoweak doublets. thus preserving the
SU(2) custodial symmetry. The SU(3)p¢ is broken to SU(2) ¢ by this vacuum, and
five of the eight technigluous acquire mass. The clectroweak SU(2);, aud the U(1)y
are broken, as neither is a vector symmetry. The {7(1)y is not vector-like, in spite
of the hypercharge assignmeunts, because the electroweak doublets are not vector-like
under the SU{3)pc. The electromagnetic U{1)g subgroup is nnbroken, because it s
vector-like — the remaining SU(2)7¢ is pseudoreal, and the 2 and 2 representations
can be assembled to form Dirac fermions. The Vafa—Witten tliecorem again applies

here, forbidding the dynamical breaking of vector symmetries.

Applving the NJL techniques and results of section II to this model results in a
mass gap of m ~ 720 GeV and a technigluon mass of Al =~ 770 GeV, with n = 3.
Since the technicondensates hreak both the tecknicolor and clectroweak groups, the
TC coupling is g(M) = 2-770 GeV/246 GeV =~ 6.3. This small hierarchy is at the
edge of the NJL model's reliability (and the argument of tie log has been taken to
be 1 4+ M/m to allow larger n).
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After the electroweak embedding, the global symmetry is broken to SU(3) x
SU(2)r x [U(1))% after spoutaneous symmetry hreakdown, a global SU(3) x U(1)
remains and there are three Goldstone bosons eaten by the 1V and Z, two EW singlet
true Goldstones, and eight pseudoGoldstones of mass 150-200 GeV. The Higgses
behave, below the cutoff, like a two-doublet Higgs theory [18]. The charged and light
neutral Higgses have mass of abour 100 GeV, the pseudoscalar “axion” a somewhat
lighter mass, and the heavy neutral Higgs a mass of about 900 GeV. There is also a
scalar isotriplet. The techniferinions acquire dynamical Dirac masses coupling the 3
electroweak doublets and the 6. There are one massless electroweak/SU(2) ¢ singlet
and two electroweak/SU(2)rc doublets of mass V2(720 GeV) = 1020 GeV. The
SU(2)pc confines the latter at 200 GeV. We can estimate the S from fermion loops
using the bubble formmla cq.(37). For two doublets, § = (2/37){0.79) = 0.17. From
SU(2)r¢ technigluon exchange across the loop, there are perturbative corrections
~ 30%, but impossible to compute at only lowest order [19]. The nou-perturbative
SU{(2)7¢ corrections can be estimated usiug the methods of Pagels and Stokar [20]
to be negligible. There are scalar {Higgs and pseudoGoldstone) contributions to S
which are next order in 1/Np¢, as well as higher order corrections in ¢3, and we
have no systematic way to include all other corrections of this order. The estimate
S =~ 0.17 is probably too large for current electroweak limits. There are additional
condensates. The SU(2)¢ is pseudoreal and tlius cannot break itself, but the left-over
global SU(3) x U({1) is broken completely, with uine additional clectroweak singlet
true Goldstones. This SU{3) model, while not realistic, may he taken as a kind of
optimal case, inasmucl as the model is self-contained, aud the remnant SU{2)r¢,
while not null, is the smallest non-Abelian group. The problem with self-contained

models of this kind is clear: they require too many degrees of frecedom contributing

to S.

Ultimately, it is necessary to maintain the smallest number of additional degrees
of freedom possible in order to minimize S. Thus, a fourth generation or a top-
condensate scheme may have some advantages. The arguments presented here do

not apply dircctly to a “topcolor™ model [10] since there one has a maximally broken
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custodial SU(2). There we expect the formula for § to resemble eq.(29), in which
case negative S can readily occur. However, the T constraint would seem to disfavor
such a model since evidently in,, cannot be as large as one would expect if the new
physics is at ~ 1 TeV. Nevertheless, it is interesting to ask Low large the effects of
the virtual resonances are on the T parameter, since one might expect a suppression

of T for large myep in such a scheme. An investigation of this question is underway.
V. Conclusions

In Figure 1 we plot the result for S as obtained in the fermion bubble approxi-
mation to our model of eq.{4}. Here we use eq.(37) together with the gap equation
constraint, eq.{33), upon the paramcter . The gap equation implies that 1 can be
viewed as a function of the mass ratio 4/ /m, so it is also plotted. The one-doublet
free-fermion loop contribution corresponds to 675/ Npe = 1. We see that the effect
of the virtual vector technimesous is to increase S slightly for strong coupling. The
approximations of the model are not valid for In(Af?/m?) < 2, for we then become
sensitive to higher orders in m?/AM?. For example, the maximum value of 7 permit-
ted, such that the gap equation has a nontrivial solution, depends upon the arguwiment
of the logarithm. For a logarithm of the form In(A/2//m?) we find 3 £ 1.6, while the
form In(A£2/m? + 1) we find 5 £ 3.3. The physical differcuce between these forms
are terms of higher order in m?/A{?, and we cannot reliably compute their effects.
Indeed, in writing eq.(4) as the effective Lagrangian, we Lave already discarded the
higher order terms in an operator product expansion of the effects of single massive

technigluon exchange.

Our model approximates all of the dynamics as pure s-wave. Obviously, a confin-
ing theory has strong higher partial waves, and we would expect these to contribute to
S. The results of Peskiu and Takeucli [6], whicl reflect the full confinement effects of
QCD through the saturation of the ITy-y — [T 4,4 by the real g and -1, resonances, yield
67 S/ Nre =~ 2. The pure s-wave result of our analysis of virtual p and 4; resonances

is 675/ Nye = 1.5 when 5 is maximal. Thus our results do capture some of the effects
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of a full QCD-like theory. The key point of our present analysis is that we may choose
n — 1 without drastic fine—tuning, and suppress S somewhat toward the free-fermion
loop result. For example. choosing A/m ~ 10 yields 67.5/Nyc ~ 1.3 and 5 ~ 1.05.
The behavior of the function of eq.(37) also allows a reduction of S for # & 1.4 with
M/m £ 3, though this is a less reliable limit of the approximation. (Note that in the
extreme example of the top condensate scheme where A4/ is fine—tuned to ~ 10°

we see that there is negligible virtual resonance effects upon 5.)

Spontaneously broken techuicolor thus offers a mild advantage in reducing the
unwanted resonance contributions to S. In estimating S in an SBTC theory one can
rely upon the free-fermion loop result of Ny /67 if one is willing to tolerate some
fine-tuning near to the critical conpling regime. We cmphasize thatwe have not given

a method for engineering a model with negative S.

There is no good reason, in light of the strong ETC gymnastics that ave vequired
to maintain small favor-chauging neutral current processes and a heavy top quark
[3, 4], to argue that technicolor need be an uubroken, QCD -like theory with confined
techniquarks. A strong, broken gauge theory would e a novelty in nature, but there
is no reason to rule out the possibility. For eclectrowealk symmetry breaking it is
clearly necessary to maintain the smallest numboer of degrees of freedom possible in
order to minimize S. A fourth generation scheme, such as the model of reffil1],
or a top—condensate schieme (9. 10], thus has clear advantages. and we have briefly
discussed others. This is obviously not an exhaustive list, aud there may prove to be
other advantages to model building in which technicolor, together with its extension,

is spontaneously broken,
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Figure Caption

1. The & parameter, as obtained in the fermion hubble approximation (solid line),

eq.(37) is plotted against n(Af?/m?). Here the gap cquation constraint, eq.(35), is

implemented for the parameter #), which is also plotted (dashed line).
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