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1. Technicolor and Extended Technicolor

The earliest model$][2[ 4] of dynamical electroweak symyrateaking include a new asymp-
totically free non-abelian gauge theory (“technicolorf)daadditional massless fermions (“tech-
nifermions” transforming under a vectorial representatié the gauge group) which feel this new
force. The global chiral symmetry of the fermions is spoetarsly broken by the formation of
a technifermion condensate, just as the approximate cBlé?) x SU(2) symmetry in QCD is
broken down to SU(2) isospin by the formation of a quark coisdée. If the quantum numbers
of the technifermions are chosen correctyg( by choosing technifermions in the fundamental
representation of an SM) technicolor gauge group, with the left-handed technifermaibeing
weak doublets and the right-handed ones weak singlets)cdinidensate can break the electroweak
interactions down to electromagnetism.

While technicolor chiral symmetry breaking can give magh&W andZ particles, additional
interactions must be introduced to produce the masses atdinelard model fermions. The most
thoroughly studied mechanism for this invokes “extendeathniéecolor” (ETC) gauge interactions
[B, B]. In ETC, technicolor and flavor are embedded into adagpuge group, which is broken
at a sequence of mass scales down to the residual, exacic@ohrgauge symmetry. The mas-
sive gauge bosons associated with this breaking mediatsiticms between quarks/leptons and
technifermions, giving rise to the couplings necessaryréalpce fermion masses.

As noted by Eichten and Lanf [6], however, the additiona@rinttions introduced to generate
ordinary fermion masses cannot be flavor-universal, andduberefore also generically give rise
to flavor-changing neutral-current (FCNC) processes. Hhiquéar they showed that, absent any
“GIM-like" mechanism [ £P] for suppressing flavor-changineutral currents, the ETC scale as-
sociated with strange-quark mass generation must be ldrgeiof order 18 TeV in order to avoid
unacceptably largeCP-conserving) contributions to neutril-meson mixing. To obtain quark
masses that are large enough therefore requires an enhamcefthe technifermion condensate
over that expected naively by scaling from QCD. Such an erdraent can occur in “walking"
technicolor theorieg [10=1L5] in which the gauge couplingsruery slowly! or in “strong-ETC"
theories [18 £21] in which the ETC interactions themselwess&rong enough to help drive tech-
nifermion chiral symmetry breakirgy.

2. Constraints on Agtc from neutral meson mixing

At low energies, the flavor-changing four-fermion interagt induced by ETC boson ex-
change alter the predicted rate of neutral meson mixing.. 4] has derived constraints on
generalAF = 2 four-fermion operators that affect neutral Kaon, D-mesord B-meson mixing,
including the effects of running from the new physics scale/ml to the meson scale and interpo-
lating between quark and meson degrees of freedom. Thatslon the coeﬁicientsc(jl) of the

1For some examples of proposed models of walking technipedm] and|E7] and references therein.
2|t is also notable that walking technicolor and strong-ETf€aries are quite different from QCD, and may be far
less constrained by precision electroweak measurerrei@32h.
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FCNC operators involving LH current-current interactions

C (SLyMdu) (S yudl) 2.1)
CB (CLy*uL) (CLYjuL) (2.2)
Ca, (bLy*dL) (bLy,oL) (2.3)
CE(bLyHs ) (bLyust) (2.4)

are listed in the left column of TabJ¢ 1. In the case of an ET@ehwvith arbitrary flavor structure
and no assumed ETC contribution to CP-violation, oné I&ls= Az%. and the limits on the
Aetc from [R4] are as shown in the right-hand column of Talle 1. Tveer bound oM\eTc
from D-meson mixing is now the strongest, with that from Kaon mixanclose second and those
from B-meson mixing far weaker. Since the charm quark is so muchkidrethan the strange
quark, requiring an ETC model to produog from interactions at a scale of over 1000 TeV is a
significantly stronger constraint on model-building thAe tequirement of producingy at that
scale?

Table 1: Limits from the UTFit CoIIaboration|E4] on coefficients déft-handed four-fermion operators
contributing to neutral meson mixing (left column) and thaplied lower bound on the ETC scale (right
column). The bounds in the first four rows apply when one agsuaT C does not contribute to CP violation;
the bound in the last row applies if one assumes that ETC dweshute to CP violation in the Kaon system.

Bound on operator coefficient (Ge¥) Implied lower limit on ETC scale (1TeV)
~9.6x10 ¥ <0(Ck) <9.6x 10713 1.0

[chl<7.2x10718 15

\céd |<23x10° 1 0.21

CEg| < 1.1x 107° 0.03
-44x1075<0(C}) <28x10°15 10

3. Condensate Enhancement and ym

In studying how ETC theories produce quark masses, the priogerator of interest has the
form® _
(Qfy*al) (UryuUR)
/\2
ETC
where theQ? andUg are technifermionsa(is a technicolor index), and tig¢ andu, are left-handed
guark doublet and right-handed up-quark gauge-eigenfitdds § and j are family indices). This

: (3.1)

SHere we assume there is no flavor symmetry suppressingavegflavor-changing neutral currenﬂs 24].

4Note that if one, instead, assumes that ETC contributes tgi@®tion in the Kaon system, then the relevant bound
on Agtc comes from the imaginary part Gﬁ and is a factor of ten more severe (see last row of Tﬂble 1).

SIn an ETC gauge theory, we would expegi\E;c = g2;c/ME;c Wheregetc andMetc are the appropriate
extended technicolor coupling and gauge-boson mass,atasge At energies belowlgzTc, these parameters always
appear (to leading order in the ETC interactions) in thi®ratand therefore, we use=t¢ for simplicity.
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operator will give rise, after technifermion chiral symmydireaking at the weak scale, to a fermion
mass term of order _
(ULUR>/\ETC

My =
Nere

(3.2)
Here it is important to note that the technifermion condens@_ Ur)a... is renormalized at the
ETC scale[[To £15]. Itis related to the condensate at thentealor (electroweak symmetry break-
ing) scale by
_ ‘NeTc du —
(ULUR)Agrc = EXP (/ Vm(aTc(Il))—> (ULUR)Arc (3.3)
Nrc U

where ym(arc(u)) is the anomalous dimension of the technifermion mass apeératsing an
estimate of the technifermion condensate, and a calcolatidche anomalous dimension of the
mass operator, we may estimate the size of quark mass whicarise in a technicolor theory for
a given ETC scale.

In a theory of walking technicolof JLO[=]L5], the gauge congliuns very slowly just above
the technicolor scaldyc. The largest enhancement occurs in the limit of “extremeking!' in
which the technicolor coupling, and hence the anomalous&iony,, remains approximately
constant from the technicolor scal&yc, all the way to the ETC scalé\gtc. In the limit of
extreme walking, one obtains

Yin
<U_|-UR>/\ETC = <//\\ETC> <U_|-UR>/\TC : (3.4)
TC

We may now use](3.4) to quantify the enhancement of the tectamicondensate required to
produce the observed quark masses in a walking model. Syadlgifiwe will investigate the size
of the quark mass which can be achieved in the limit of extrarakking for variousym,, and an
ETC scale of 18 TeV (which, as shown above, should suffice to meet the CPecvingg FCNC
constraints in th& - andD-meson systems). The calculation requires an estimate ¢éthnicolor
scaleAt¢ and the technicolor condensate renormalized at the e\m:axloscale(JLUR>/\Tc.

Two estimates of the scales associated with technicolaalckymmetry breaking are com-
monly used in the literature: Naive Dimensional Analysi®@® [R5—-R27] and simple dimensional
analysis (DA) as applied iff][6]. In Naive Dimensional Anagyne associatesrc with the "chi-
ral symmetry breaking scale" for the technicolor thedkyc = Aysg ~ 4nv and (J._UR>,\TC =
4nv ~ (580GeV)3, (wherev ~ 250 GeV is the analog of; in QCD). In the simple dimensional
estimates one simply assumes that all technicolor scategiaen by/Arc =~ 1 TeV, and hence
<ULUR>/\TC ~ (1Te\/)3.

In Table[P we estimate the size of quark mass correspondirgrious (constant) values of
ym and an ETC scale of £0reV. We show these values in the rangg §r, < 2.0 sinceym ~ 0 in
a "running" technicolor theory, and conformal group repreation unitarity implies thag, < 2.0
[Bg]. The usual Schwinger-Dyson analysis used to analyaenteolor theories would imply that
ym < 1.0 in walking technicolor theorieg [LJ-15], while the value8 < ym, < 2.0 could occur in

strong-ETC theorieg [18[—]1].

SFor a discussion of the potential scheme-dependengg, see [IL].
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Table 2: Size of the quark masgq generated by technicolor dynamics assuming an ETC #¢ale = 1000
TeV and various values for the anomalous dimensjgrof the mass operator. In the row labeled NDA
[DA], the value of the techniquark condensate at the techoicscale is taken to b&lT) ~ (580 GeV)3
[(1000GeV?3]. Values ofyy, of 1.0 or less correspond to walking theori@ [@— 15]; valge=ater than 1.0
correspond to strong-ETC theori¢s|[187 21].

‘ . H 0 ‘ 0.25 ‘ 05 ‘ 0.75 ‘ 1.0 H 1.25 ‘ 15 ‘ 1.75 ‘ 2.0 ‘
miyPA 0.2 MeV 0.8 MeV 3.5 MeV 15 MeV 63 MeV 260 MeV 1.1GeV 4.7 GeV 20 GeV
mpA 1 MeV 5.6 MeV 32 MeV 180 MeV 1GeV 5.6 GeV 32 GeV 180 GeV 1TeV

4. Discussion

Examining Tabld]2, we see that generating the charm quark fmas ETC dynamics at a
scale of order 1D TeV requires an anomalous dimensignclose to or exceeding one, even in the
case of the more generous DA estimate of the technifermiadertsate. It is therefore important
for nonpertubative studies of strong technicolor dynanticsletermine how largen, can be in
specific candidate theories of walking technicolor. Lattidonte Carlo studies to datg ]2 39]
prefer values ofyy, < 1.0 in the theories studied so far. Valuesygf substantially less than one
would require a lower ETC scale, which would necessitatectmstruction of ETC theories with
approximate flavor symmetrief [T}-9] and corresponding Gkelpartial cancellations of flavor-
changing contributions.

If a "walking" theory withym, % 1is found, then a number of interesting questions shoulal als
be investigated, including:

e What is the complete phase diagram for theories of this asr, function of the number of
"colors" and "flavors" [40]?

e Canyy be larger than one?

e What is the value of the electrowe8{P2, [23] parametér?

e Is there a (pseudo-)dilaton with Higgs-like couplif@s

e What are the properties of the lightest vector-mesons whiamlld appear iWW scattering?

e Are there other marginal or relevant operators, and can lbeeyseful in generating quark
masses a la strong-ETE 183 21]?

Results presented at this conferend [39] are intriguing, e look forward to a thorough
exploration of the properties of candidate theories of dyical electroweak symmetry breaking.

’See ] for a recent conjecture on this topic.
8For recent discussions in this regard, de¢ [42 - 45].
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