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Gauged flavor symmetries at low energies have been proposed in models of dynamical electroweak sym-
metry breaking and fermion mass generation. The massive flavor gauge bosons give rise to corrections to
precisely measured electroweak quantities. We perform a fit to the collider electroweak data and place indirect
limits on such new physics. In particular we study several models from the literature: universal coloron, chiral
top color, chiral quark family symmetry, $8) and SU12) chiral flavor symmetry. The 95% exclusion limits
on the mass of the heavy gauge bosons for these models, at their critical coupling for chiral symmetry
breaking, typically lie between 1 and 3 TeV. We discuss the robustness of these bounds with respect to changes
in Higgs boson masd&-quark asymmetry data, the SLD left right asymmetry data, or additional new physics.

PACS numbdps): 12.60.Cn, 12.15.Lk

[. INTRODUCTION the EW scale and an acceptable top quark mass via a seesaw
mass spectrurf6]. These top quark seesaw models have the
The standard mod€SM), in the limit where we neglect added benefit of a decoupling limit which allows the pres-
all gauge interactions and fermion masses, has a largence of the singlet fields to be suppressed in precision EW
SU(45) global symmetry corresponding to the fact that in measurements, bringing these dynamical models in line with
this limit there are 45 chiral fermion fields that are indistin- the data. Flavor universal varianf3] with the dynamics
guishable. The gauge interactions of the SM are by necessifjfiven by family or large flavor gauge symmetries have also
subgroups of this maximal symmetry, they are in particulateen constructed.
the familiar SU(3}>< SU(Z)LX U(l)y gauge Symmetry_ The naive gauging of flavor Symmetries at low Scatﬁs
There is no current theoretical understanding of why thighe order of a few TeY often gives rise to unacceptably
particular subgroup is picked out to be gauged. Furthermordarge flavor changing neutral currerlSCNC) since gauge
we have learned from the SM that gauge symmetries may band mass eigenstates do not coindiga@uge symmetries that
broken and not manifest at low energies. The possibilitygive rise to direct contributions t&°-K°® mixing typically
therefore exists that at high energies a larger subgroup of there constrained to lie above 500 TeV in mass gcdlbere
SU(45) symmetry is gauged, and then broken by some dyare, though, many models that survive these constraints.
namics or Higgs mechanism to the SM gauge group. Gauge groups that only act on the third family are less ex-
These gauged flavor symmetries have been invoked in perimentally constrained — top color is such an example.
number of scenarios to play a role in the dynamical generaModels in which the chiral flavor symmetries of the SM
tion of fermion masses. For example they may play the partermions are gauged preserving the SM (8avor sym-
of extended technicoldrl] interactions in technicolor mod- metry [8] respect the Glashow-Iliopoulos-MaiarGIM)
els [2] or top quark condensation moddI3], feeding the mechanism even above the breaking scale and do not give
electroweak symmetryEWS) breaking fermion condensate rise to tree level FCNC9]. There are also strong constraints
down to provide masses for the lighter standard model feron gauged flavor models where the dynamics responsible for
mions. Strongly interacting flavor gauge interactions maythe breaking of the flavor symmetry does not respect custo-
also be responsible for the condensation of the fermions didial isospin[10]. We shall restrict ourselves to models where
rectly involved in EWS breaking. For example, top quarkthe top quark mass is the sole source of custodial isospin
condensation has been postulated to result from a top-coldireaking.
gauge groug4] and, in the model of Ref5], from family Since these interactions may exist at relatively low scales
gauge interactions. There has been renewed interest in thege few Te\), where they do not completely decouple, and
models recently with the realization that variants, in whichplay an integral part in either EWS breaking or fermion mass
the top quark mixes with singlet quarks, can give rise to botlgeneration, it is interesting to study the current experimental
bounds. In this paper we will concentrate on the bounds from
precision EW measuremeritsl]. We will constrain a num-
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flavor symmetry{13,7], and SUW12) chiral flavor symmetry

[13,7]. Except in the last section, for simplicity the only fer- 7

mions included in our analysis are the ordinary quarks and

leptons. Therefore, as presented here the models will not be F

anomaly free. The models can be made anomaly free by the

introduction of additional fermions that obtain masses at or

above the gauge boson mass scale as a result of the flavor

symmetry breaking sector. The SM fermions that are light

below that scale survive because they are chiral under the

remaining, unbroken gauge interactions — this is an example FIG. 1. Z vertex corrections from heavy flavorons.

of Georgi's “extended survival hypothesiq'14]. For each

of the gauge symmetries we study, an explicit example of ainclude them. We expect the few TeV bound on the flavoron
anomaly-free model exists in the literature in the referencesnasses coming from our fit to hold even with such perturba-

provided above. tions.
The gauge bosons can enter into precision EW predictions
glther through corrections to trie'm'ass from isospin violat- || £ AVORON CORRECTIONS TO EW PARAMETERS
ing effects in top loop§15] and mixing with theZ [10] or as
vertex corrections to th&-fermion verticed16]. We review The massive flavor gauge bosdffisvorong under study

the generic form of these corrections in Sec. II. In Sec. Ill wegive a number of corrections to low energy EW parameters.
describe our fit to th&-pole data. In Sec. IV we review each In this section we provide generic calculations of these ef-
of the models under study and display the precision limitsfects.

To this point the limits are on the models with only the flavor ~ Flavorons acting on the SM fermions give rise to vertex
gauge bosons as new physics. The contributions topthe corrections in the low energy SM. We assume that there are
parameter are a significant constraint and our limits correno massive fermions beyond those in the SM transforming
spond to the hard limit ot p (or aT) of <0.1%[17]. The under the flavor gauge groups as part of the same gauge
softer upper bound omp often quoted of 0.49417] as- multiplet as the SM fermiongan example would be techni-
sumes the existence of extra new physics contributing to théermions. These would give rise to overly large corrections,
S parametef18] to maximize the possible value afp. The  as is well known from extended technicolor modgl®].
flavorons do not contribute t8 (at leading ordérand so the  The main corrections t&@ vertices occur at ordep? in the
harder limit is applicable here. In Sec. V we discuss theexpansion of the penguin vertex correction in Fig 1. Hill and
dependence of the limits on changes to the Higgs bosodhang[16] have calculated the correction to the vertex to be
mass. The limits are largely insensitive except in the case of 5 5
models which give rise to large corrections to thg/T pa- _ Gkg Mz (Mg
rameter(in particular the coloron modeélsind prefer a heavy Agf—gfﬁ M_ﬁ n M_§
Higgs boson in order to cancel that contribution. The bounds

on these models decrease for Higgs boson masses as largemtere g; is the coupling for thez-fermion vertex,G is the
650 GeV which, without the flavorons, would be ruled out atappropriate group theory factor for the diagrame
95% confidence in the SM. We also discuss the dependenceg2/4+ with g the flavoron gauge coupling, arM the

of the limits on theb quark asymmetries, which are the mea- flagyvoron mass.

surements with the most deviation from SM predictions, and  The flavorons can also give corrections to themass
the SLAC Large Detecto(SLD) measurement of the left- through the diagram in Fig. 2 involving a top lops]. The
right asymmetry, which provides one of the strongest contop-bottom quark mass splitting provides the source of isos-

straints on the Higgs boson mass. o pin breaking, so there are contributionsip (T) even when
It is important to remember the limitation of indirect con- the flavoron physics is isospin preserving.

straints such as these; additional unanticipated new physics The contribution tor is

may exist that enters the fit and in principle may cancel all

contributions from the gauge bosons, completely removing -

any boundor equally the bound may be considerably tough- T=—F—F 2l (M0 - (m;,m)] 2
ened by extra new physicsin practice such a conspiracy SoWCaWMz

seems unlikely and the bounds we calculate provide a sen-

sible guide to the exclusion limit. As an example of the pos-wherelIl | (m;,0) andIl  (m,,m,) refer to the left-handed
sible effect of additional new physics, in Sec. V we alsovacuum polarizations involving one top and ofmassless
discuss the addition of vertex corrections from mixing be-bottom quark, and two top quarks in the loop respectively,
tween the SM fermions and singlet massive fermions such asnd they are evaluated at zero momentum transfer. Follow-
occurs in the top6] and flavor universdl7] seesaw models. ing [15] we will approximate the two loop diagram by a
Another possible source &andT contributions is the scalar product of two one-loop diagrams after the flavoron propa-
sectors of these models, which are potentially light. How-gator has been contracted to a point interaction.

ever, enumerating these scalars is model dependent and their Allowing the flavoron to have different couplings to left
masses are hard to estimate reliably, so we do not attempt tnd right handed top quarks we find

()
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2
NG, 4 2, 2..2 KF AM z'
S XF Agi=——5g (7)
I (m,0) 6473 m[In(Mg/mp)] M2 ) f MZ f
, , and diagonalizing the mass matrix so that the shift in the low
No(GL +Ggrp) energyZ mass is

Hy (me,my)=— 1673

Kr
mi[In(ME/m{) 1 7
F 2\2
(4) 2__ (AM7)
AMZ=— —o— ()
with G/, and G appropriate group theory factors for the F

model for the interaction between two left handed quarks angjives aT parameter contribution
two right handed quarks respectively, and where we have

evaluated the leading logarithm. The resulting contribution _ AM%
toTis T_+_aM2' 9
z
m¢

KF In(M2/m2) 12 Clearly for these contributions to be small we require that the

M% Mﬁ[ n(Mg/mi)]% only sources of custodial isospin breaking occur at the weak
scale so thaAM is of orderv and not of ordeM. The

(5 models we consider all respect custodial isospin at the flavor

symmetry breaking scale.

These shifts in low energy SM parameters are the leading
corrections. The shifts in th&-fermion vertices will for ex-
ample also give rise t8 parameter contributions at the loop
level [22] but these are considerably smaller than the direct
effects and we neglect them.

T=NJ(G/, +2GLp)
c LL RR 32W23§WC§W

There is a final possible source of contributions to Zhe
vertex corrections and th& parameter in models where a
generator of the flavor groupwe will call the associated
gauge bosoZ’) mixes with hypercharge or; of the weak
SU(2) group[10]. If at the weak scale th2Z' mass matrix

takes the form
Z
ya
Z. e

o

M2 AM?

ZHZ 1
( | am2 M2

lll. FITTING TO PRECISION DATA

To place bounds on the models we use primarily he
and if M§>M2 , AM?, then there will be corrections to the pole precision observables from the CERNe™ collider
Z-fermion couplings in the low energy theory of the form LEP and SLD experiments plus the collider measurements of
(from Fig. 3 the W mass. We use the data and SM fit froird]:

V; Tree level Measurement SM fit pull
I',(GeV) 2.4939-0.0024  —0.80
o0 Tieplhaa/T 2 41.491+0.058 0.31
R, Thad/Tiep 20.765+0.026 0.66
Ry Ne(95, +95)/Thad 0.21656-0.00074  0.90
c Ne(95, +92.)/Thad 0.1735-0.0044  0.29
e (95, — 95,/ (98 +92,) 0.1479:0.0051  0.25
Ay (95, —95)/(gp, +95.) 0.867:0.035  —1.93
A, (92, ~ 9/ (92 + 92 0.647:0.040  —0.52 (0
A%P 3AA,/4 0.0990-0.0021  —1.81
A% 3AAJ4 0.0709-0.0044  —0.58
A% 3A2/4 0.01683-0.00096  0.73
A, (97 —97)/(97 +97) 0.1431:0.0045  —0.79
AR A 0.1510+0.0025 1.75
My | MgM(1+0.0055T —0.0036S) 80.37+0.09 —-0.01
MEP | MEM(1+0.0055T—0.00365)  80.41+0.09 0.43
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t In Sec. V we show that the bounds are largely insensitive to
Z Z changes in the Higgs boson mass.
The flavoron models affect the low energy predictions
through theZ-fermion coupling shifts described in Sec. II.
The leading order shifts as a function of the model param-
t eters 6g;(«,Mg) are easily calculable from the tree level
expressions in Eq10) for the electroweak observable
is independent of the shifts to ttefermion couplings The
models also give rise to shifts in thep (T) parameter.
We include one noZ-pole measurement in our fit, the
lattice determination ofvg [17]:

FIG. 2. Flavoron corrections to the mass through top loops.

where

FZZE (gf2L+gf2R) latti
f a2 M,)=0.117+0.003. (12

Thag= > (92 +02) This constraint is important for our fit since the vertex cor-
ha L R rections in some of our modelgn particular the universal
coloron model mimic a shiftinag(M). Fitting to the lattice
s data ensures we do not produce an unacceptable value for
1ﬂleng (gi +9ip)- (1) Aocp. The value ofag(My) is, by these standards, impre-
P cisely determined and therefore we include possible varia-
tions in the input parameters(M ) throughd«g, a param-
variables at the tree level. eter which we will include in the fit. We include the effect

We use the fit of[11] as our test standard model into dag on electroweak measurements by modifying the quark

which we introduce correction®@1]. The full fit of [11] in- couplings

cludes measurements of tAenass and sft, as determined

in low energy neutrino scattering data. For simplicity, in 50 = e (Ts— Q2 % (13)

comparing the predictions of our models to electroweak data a7 s,cp 3

we use theZ mass(the most precisely measured quantiag

a (fixed) input to our calculation, and do not include ¥y We perform the fit as follows. For a given model and choice
As an illustration of the correspondence of our fit to thatof M andm,, we have predictions for the shifts in the SM

given in[11], we may compare the constraints on the Higgsquantities in Eq.(10) as a function ofxr and dag. We

boson mass in the standard model. The fit[bf] corre- calculatey? and place a limit onkg by finding the 95%

sponds to a best fit Higgs boson massmyf=76 GeV and a  confidence value of?, allowing dag to take a value that

bound of 262 GeV at 95% confidence level. Variation in theminimizes«r . The number of degrees of freedom is 14 —

Higgs boson mass may be viewed as contributions taSthe the number of fitted variable€6) minus 2 for the 2 fitted

and T parameters which are calculated [20]. Using this  quantities.

method to incorporate variations in the Higgs boson mass

and with the more limited set of precision variables we con-

sider, we find a 95% confidence limit upper bound of 230

GeV (120 GeV at 67%), in good agreement with the full fit.  we present five models as examples of flavoron physics

Furthermore, because the Higgs boson mass enters preeind give their limits from the EW precision fit.
sion measurements only logarithmically, the limit on the

Higgs boson mass is very sensitive to small changes in the
measured parameters and the difference in the Higgs boson
mass bound exaggerates the difference between the two fits. The universal coloron mod€12] at high energies has the
In contrast, the flavoron masses enter quadratically in corre@auge symmetry of the SM with regards the SM fermions
tions to precision electroweak observables, and the boundsut, in addition, an extra S@) gauge group acting on a new
we derive would not change significantly were we to incor-fermion or scalar sector. That new sector also transforms
porateM , and siffé,,. For definiteness, we will take a Higgs under the proto-color group. It is assumed that dynamics
boson mass of 100 GeV as our standard in the fits of Sec. I\Voccurring in the new sector makes all the additional matter
massive and induces a vacuum expectation valiieV) (V)

o

The top quark, of course, does not contribute to @myole

IV. MODELS AND LIMITS

A. Universal coloron

/ £ for an effective Higgs boson in the (3,®f the proto-color
Z Z group and the additional SB). The two sets of S(B) gauge
bosons mix through the mass matrix
f
The leading order QCD correction to the hadronic branching ra-
FIG. 3. FlavoronZ mixing shift to SM couplings. tios is Fh=Fﬂ(1+ agl ).
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2
g ~9cpOr A 1.4
(AM,BP«) cp 02P )Vz B#) (14) K/Kc
_gcng Jr “ 1.9
which is familiar and diagonalize to 1
2 2
gcp+gF 0 X 0.8
(X”,G“)( Ve K 15 :
0 o/V'la, (15
0.6
where
0.4
AH COSOr —Sinf:\ (G
p =< R F)( M) (16) 0.2
B sinf:  cosfg |\ X,
with 1000 2000 3000 4000 5000 6000
ME'(GeV)
. gcp Or . . .
SinGg= FIG. 4. Exclusion curves in the/ k.-Mg, plane for the univer-

——, COSOp=———. 7
\/ggp+ 9F \/ggp+g§ sal coloron model with a 100 GeV Higgs boson mass. The curve

marked ‘{24]” is the precision bound from Refl24]. The DO
Here theG* are the gauge bosons of the unbroken(3U  curve is the current 95% confidence level experimental limit from
which we identify with QCD, and there is a massive colorcollider jet production, also froni24]. The remaining curves are
octet of gauge bosonsX(*) that also couples to the SM our fit at the 95% and 67% confidence levels.
quarks. The low energy QCD coupling, with the standard

generator normalization, is given by We may now calculate the corrections the model produces
to the low energy SM predictions. The universal coloron
9e9cp 19 produces a universal shift to th# couplings of all the
9c= : uarks, from Eq(1),
) a a(d)
2
Note that this condition implies a minimum value fag I P ascofOMZ (NZ—1) [ Mg, (22
=gZl4m= ay in order to obtain the physical color coupling. 90 67M2, 2N M2

We takeag(2 TeV)=0.09.

The extra massive octet with maddr, = \/gczp+ ngV The correction to the coupling of the top quark would have
couples as to reflect the large top quark mass but the top quark does not
enter intoZ pole observables. The contribution to thepa-

ngAa,LE afyﬂ-raqf_)_gccowaaﬂz afmTanJr . rameter in the model is, E@5),
f f

(19 N2—1 3m¢! acoth
T=_C ! = —[In(MZ,/m?)]2.
i - 2 327%s2 c2 M3 M
If we assume that at low energies the massive gauge bosons 6,°6,V Z F/
may be approximated by a Nambu-Jona-LasigiIL) (23

model four fermion interaction
The model has n@’ to mix with theZ. Performing a fit to

gZcof O _ 2 the Z-pole data as described in Sec. Il produces the 95%
off =~ o7 > Ay, o]+, (200 exclusion curve shown in Fig. 4. When the coupling is criti-
2IMg, AT cal the massive octet must lie above 3 TeV in mass. In Fig 4

we also display the precision bound reported 2d]; that
bound comes from the weal parameter constrainip
=<0.4% which assumes the existence of new physics itsthe
parameter. As there are no large contributions to Shea-
2Nem —26.2. (21) rameter, we derive a stronger bound. These constraints
(N2—1)aq(2 TeV) should be compared to the best current experimental limits
from collider jet productiorj24] also shown in Fig4d — the
direct search limits are stronger than the precision measure-

2 " . ment constraint.
Note that, defining the theory in terms of a momentum-space

cutoff A, a four fermion interactio® ¢4 has a critical coupling
G.=2m?/A? [23]. The smaller value of cdl; given in[24,25
results from using the largs-approximation and ignoring the run- Top color[4] is very similar in the gauge sector to the
ning in a, from M, to Mg, =O(2 TeV). universal coloron model — above the flavor breaking scale

then the critical couplingfor chiral symmetry breaking in
that approximation is

COIzecrit:

B. Chiral top color
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there are two S(B) gauge groups that break to QCD and a 1.4 95% 67%
massive color octet of gauge bosons. The SM fermions transK/K¢™
form under the weake("“proto-color group”) of the two 1.2
SU(3) groups except for the left handed top-bottom doublet,
¢, which transforms under the stronger group. The top 1
color group we consider is therefore chiral as in the seesav
model of[6]. The gauge-boson mixing is as for the universal 0.8
coloron model. Thus below the flavor breaking scale there 0.6
are the usual SM gluons plus one extra massive octet witt '
massM g, = \/gczp+ ngV and couplings 0.4

— — 0.2

gcpAa“t/fLTamdfﬁgtcBa“; aTy,q
_ 500 1000 1500 2000 2500 3000
— —QcCOtO Xy Ty, iy M; (GeV)

FIG. 5. The 95% and 67% exclusion curves in #ec-Mg,
plane for the chiral top coloron model with a 100 GeV Higgs boson
mass.
where g are any chiral SM quark except the left handed _ _
top-bottom multiplet. The critical coupling again corre- for the GIM mechanisnj8] unbroken and the model is free
sponds to c3H=26.2. of tree level FCN{9]. The additional terms in the Lagrang-

The chiral top color model provides universal shifts to theian are
Z couplings of all the quarks, excepting the top-bottom left

+gtandeX3 Y, qTey,q+ - - (24)
q

handed doublet, of the form L=igeA**Qy,T°Q (28)
agarfOM2 (N2—1) Mf:, whereT? are the generators of $8) corresponding to the
9q—9q 1+ > 5N > (25)  three families. We assume that some massive sector induces
6mMe ¢ Mz a VEV for an effective Higgs boson that completely breaks

the SU3) family group, giving gauge bosons masses of the
order ofMg=ggV whereV is the mass scale associated with
the symmetry breaking. There is no mixing with the SM

The left handed bottom quarkz&couplings receives the cor-
rection Eq.(1),

2oM2 (N2 M2 gauge group.
P P oMz (Nc—1) F/ (26) If we assume that at low energies the massive gauge bo-
9o 7 Gb, 67TM,,:2 2N, M% son may be approximated by a NJL model with coupling
AmkI2!ME (k=gZl4m), then the critical coupling for chi-
The contribution to thél parameter in the model is ral symmetry breaking in that approximation is
N2_ 1 4 + 2N
T= ¢ : rznt — ag(cot'd 22tar?9) Ken=z— 1) =2-36. (29
2 32w’s; c; M2 M
X[In(Mﬁ,/mf)]z. 27 The chiral quark familons give rise to universal corrections

to all the left handed SM quarK couplings(1). The only
The model has n@’ that mixes with thez. The result of SuPtlety is including the top quark mass for isospiri/2

performing the fit to the EW precision data is shown in Fig. uarks:
5 and the 95% confidence limit is relatively 1dd.3 TeV at

2 2 2 2
critical coupling. S 14 5Klen Mg N «kMz n Mg
VRTINS 36pM2T M2 T 127M2 T m?
C. Chiral quark family symmetry (30
The gauging of the chiral family symmetry of the left kM2 [ M2
handed quarks has been motivated in technicp®y top s 1+ Zm( F) 31
condensat¢5] and flavor universal seesaw modgR. The 9-1770-117 977sz Wz 3D

minimal representative model has a gauged3Uamily
symmetry, in addition to the SM interactions, acting onThe contribution to th@ parameter in the model is E¢),
the three left ~handed quark doublets Q
=((t,b)_ ,(c,s) ,(u,d) 1) wherei is a QCD index which N, m; K

; . : . _ 272112
commutes with the family symmetry. Note that gauging this T=3 3222 o2 M2 Mz [IN(ME/mMH1= (32
symmetry leaves the SM U(3plobal symmetry responsible T S0,C00 1z ' F
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The result of the fit to EW data is shown in Fig. 6. At critical gauge symmetryin the spirit of[13]) or in quark universal

coupling the 95% confidence level bound is approximately 2eesaw model&s in[7]). Again the SM GIM is preserved
TeV. [13]. The SU9) symmetry commutes with the standard weak
SU(2) gauge group and acts on the left handed quarks,

D. SU(9) chiral quark flavor symmetry QL=((t,b)r,(t,b)b,(t,b)g,(C,S)r, Coud)9), (33
We next consider a natural extension of the ideas of gaug- .
ing the quark family symmetry and chiral color symmetry.q""th r.g.b the three QCD colors, as
That is to gauge the full S@) symmetry of both the color —igcB*O, A2 34
and family multiplicity of the left handed quarks. Such a £=19eBYQUATQL 34
symmetry can be implemented as an extended technicolavith A? the generators of S9) which include

. T 0 O L T 0 0 L T 0 O
—|o T™ 0], —| o0 T® 0 ., —|[ 0 —-T* 0 35)
e )6 Oz (
0O 0 T 0 0 -—-2T 0 0 O
whereT? are the 8 33 QCD generators. S9) further contains
0O T 0 0 1 0 0 —iT* 0 0 —-i O
! ™ 0 O ! 1 00 ! iT 0 0 ! i 0 O (36)
V2 0O 0 O V12 0 0 O V2 0 0 0 V12 0 0 O
|
plus the two other similar sets mixing the remaining families. i .
Finally there are two diagonal generators L= EgcpA“aqRyﬂTaqR. (38
1 Lo 1 Lo h del I lude th | SM h h
The model must also include the usual SM hypercharge
\/TZ 0 -1 0J, \/?3 01 0]. @ gauge boson.
0O 0 O 0 0 -2 At the flavor breaking scale we assume an effective Higgs

boson that transforms as a (9,8nder SU(9) X SU(9) chi-

§al flavor symmetry acquires a VEV breaking the gauge sym-

ﬁ’1etry to a single S(B) that becomes QCD. The majority of
e SU9) gauge bosons have malsk-=ggV. Eight of the
U(9) generators mix with the right handed proto-color

group. They correspond to the first generators in &%)

which look like the usual QCD interactions of the left

The model must also contain the usual interactions of th
right handed quarks and leptons. These are included by
proto-color group that acts on the right handed quarks. W
normalize the proto-color gauge bosons’ couplings such th
they have the same generators as thé9pbosons:

KK 95% 67% handed quarks.
The proto-gluons and flavorons mix through the mass ma-
1.2 trix
1 2
g ~OcpdF A
(AM,BM)< cp czp )Vz( BM) (39)
0.8 _gcng O9F M
0.6 which diagonalizes to
0.4 2 2
gcp+gF 0 (X )
X# GH Ve 40
0.2 ( >( o oVle, (40
1000 2000 3000 4000 5000 where
M;(GeV) A* cos¢ —sing (GM
FIG. 6. The 95% and 67% exclusion curves in thbc-M¢ B#/ \sing cos¢ |\ X, (49

plane for the gauged, chiral, quark family symmetry model with a
100 GeV Higgs boson mass. with
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.

95% 67%

Yep Or KiK.,
= = (42

SiNg= ——, CO0SPp=———.
VOt OF V5ot OF L

The low energy QCD coupling, with the standard generator
normalization, is given by

[ )

[

0.8
9r9cp
9= T (43) 0.6
V3(gg,t 95) '
0.4
which implies thatkp=3a4(2 TeV). =
Thus the SM fermions’ interactions with the massive 0.28
color octet (with mass MF,:\/gczp+gF2V=MF/c¢) are _ , . .
given by N 1000 2000 3000 4000 5000
MF (GCV)

—gctangX*qry, Tedr+ gcCOtHX¥q Ly, T, - _ _
(44 FIG. 7. The 95% and 65% exclusion curves in thbc.-M¢
plane for the gauged chiral quark 8 flavor symmetry model
If we assume that at low energies the massive gauge bosomdth a 100 GeV Higgs boson mass. The shaded region is excluded
may be approximated by a NJL model with coupling by the requirement that the measured valuergbe obtained.
477;</M,2: (we ignore the effects of the mixing of eight of the
generators with proto-color in this estimate which yields cor-Again there is no mixing with th& boson.

rections of ordeg.,/gg), then the critical coupling for chi- The results of the fit to the electroweak data are displayed
ral symmetry breaking in that approximation is in Fig. 7 and the 95% confidence level limit on the model at
its critical coupling is a little below 2 TeV.
2N
Keri 2—2—20.71. (45)
et (N°—1) E. SU(12) chiral flavor symmetry

We may now calculate the deviations in low energy param- The final model we consider is one in which we gauge the
eters in the S(®) flavoron theory. The fermiod vertices are ~ full SU(12) flavor symmetry of all the left handed SM fer-

corrected to, Eq(l), mion doubletd13,7]
A KM% (SNC C?/J(N(Z:_l) | M|2: QL:((t,b)r,(t,b)b,(t,b)g,(VT,T),(C,S)r, LR v(Veve))IZS':L)
9 =% 5 Mz T8 T BN, M2
N M2 The flavor gauge interactions act as
c F
+ 7“’](?)} (46) o
t L=igeB*Q A%y, QL (52
2 Td/nN2_ 2
Ag, =g, KM22 S¢(Ng 1)} (M_g) (47  with A? the generators of SW2), which may be conve-
R R6mME|  6Nc Mz niently broken down into the following groupings:
e = Yk '4Nc+c;‘,(N§—1) | M2 Pa 0 0
9.7 94 5702 73 6N, |\ M2 1l P oo
48 ’
48 V3 0O 0 P?
kM3 [sy(NZ=1)] [ME
Ang_ngewME_ 6N, I (49 . P2 0 0
—| 0o p? 0 , (53
where we have neglected the difference betwbgn and \/6 _opa
. , 0O O 2P
Mg in the logarithms.
The contribution to thél parameter in the model is, Eq.
(5), . P2 0 O
—| 0 —=P* O
B m; oA ag(colo+2 tarfe) V2 o o o
32n%s2 ¢2 M3 | Mg 3 M2
2 2 whereP? are the fifteen 4 4 Pati-Salam generators consist-
X[In(Mg/mg)]°. (50) ing of eight 3x 3 blocks that correspond to the QCD genera-
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tors, six step operators between the quarks and leptons and

) . . 9yp 9F
the diagonal generator 24 diag(1,1,1; 3). SU12) further SiNw=———, COSW= . (60)
contains \/gip+ 9¢ V9§p+ PE
0O P2 O 0 1 0 Here Y* is the ordinary hypercharge gauge boson.
i P& 0 0 i 1.0 0 The low energy hypercharge coupling, with the standard
J2 o 0 o " 16 0o 0 0 ' normalization of hypercharges, is given by

0 —iP® 0 0 —i 0 gy=— e 61)
2 2
Lliee 0 o 0 0| (54 V2(9yp+ 9F)

1.
——
\/5000\/1—6000

plus the two other similar sets mixing the remaining families.
Finally there are two diagonal generators

and k= ay(2 TeV)/2 which is a lesser constraint than the
constraint from obtaining the correct low energy QCD cou-
pling discussed above.

The massive eigenstate has ma@%Vszlcw

1 0 O 1 0 O and couples to the SM fermions as
1 1
—|o -1 0|, =—|0 1 0] (59 , _ _ _
J16 o o0 o 48 0 0 _2 L=—igytanoYrZ'“fry,fr+igycotwY Z'#f v, f,
To ensure that the SM gauge groups emerge at low energies, =i (YL —S2Y)Z'#fy,f (62

o ; CyC,S
we must again introduce a proto-color group as in thé%sU Froze

model above. The first 8 generators of (@P) in Eq. (53) are . _
the same as those in the @ model (35) and, hence, the WTIE12 TOE SEE G BT S IR S e bo-
discussion of the mixing between the proto-color and the 8 9 gaug

SU(12) gauge bosons follows the discussion of the(HU son may 2be appromma.t.ed by a N‘]L modell with coupling
model exactly 4mk/2!ME, then the critical coupling for chiral symmetry

In the SU12) model, though, we must also include a Préaking in that approximation is
proto-hypercolor gauge boson. The Pati-Salam diagonal gen-

erator in the first set of generators in E§3) is the tradi- P 2N7 ~053 63)
tional generator for the hypercharge boson’s coupling to left critT(NZ—1) T

handed fermions. The proto-hypercharge gauge boson there-
fore only couples to the right handed fermions. We write theNote that combined with the lower bound from the ability to
couplings in each case in terms of the standard normalizeteproduce the QCD couplingcg=3a(2 TeV)=0.3] there
hyperchargesQ=T;3+ Y) and with the indicated normaliza- is a relatively small window of allowed couplings.
tions of the couplings The chiral SW12) flavoron gives rise to more complicated
expressions for the shifts to tlecouplings because it mixes

o Ygp— “ Y= . quarks and leptons. The shifts generated by flavoron ex-

ﬁz'gypEfRA fR+'9FEfLB fiL (36 change across the vertices, given by Eq, are

(5 c4(N2-1) CiYﬁL) (ME)

whereY, andYp are the left and right handed hypercharges KM§
2" 7N, s )"iwmz

(Y_+Ygr=Y). At the flavor breaking scale the two gauge Ad, =0, 2
. ; L L6TME
bosons mix through the mass matrix

2 Ne (M2 kM3 [3 (M2
9 —OypOF| (A = s 2l ;
(A”,Bf‘)( yp y2p VZ(BM) (57) + In(az— +gVL—261-rMF 2'”(@ (64)
_gyng O ~r
which diagonalizes to Aq - kM3 's;(Ni—l)fiYﬁR n ME
2 2 ol (o Y= FrgmMZ| 6N, 8 |"\m2
(20 ym| OP 9F vz(zf‘) (58) ' (65)
’ 0 0 Y,
i 42
where kM3 cy(NZ—1) Cu¥a | [MZ
Ao =95z 4t e T8 Nz
A®\ [cOsw —sinw\(Y Fr ¢ g
g4 =| < 7" (59)
SINw  COSw w KM ?2

(66)

3
E|n(|v|§/|v|§)

Z
J’_ [
with L gmm2
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r 42
e = kM3 [sg(NZ-1) SoYag . M_E K/Ke1 .4 95%
94" 9drg rMZ| T 6N, 8 M2 L
(67) '
r 42 1
KM2 4 CwYV M2 o
Ag, =9, Zz 5t “lin —; 0.8 67%
L L6mME| 3 8 Mz
NekM2 [ M2 0.6
gul_ 2 In N2
6mMg |\ M3 0.
N 2 2 0
cKle ME
n —
“12pMET | m?
1000 2000 3000 4000 5000
, 4y , M (GeV)
KMZ 4 Cw e MF
AgeL geL6 vZl3 + 8 In M2 FIG. 8. The 95% and 67% exclusion curves in thec.-M¢
m z plane for the gauged chiral $1P) flavor symmetry model with a
3N~kM2 [ M2 100 GeV Higgs boson mass. The shaded region is excluded by the
+g ST 2 requirement that the measured valueagfbe obtained.
4 127M2 T\ M2
4y2 e Mz, 2
kM2 | S,Ye M2 0g¢=— —2Sp(YL—s,Y) (72)
A = z R In F (68) SyCy MF
Jer geR677M2F 8 M2

and the contribution t@ is
The contribution to thél parameter from the diagram in

o - s2s2 M2
Fig. 2 in the model is, from Eg5), _ 2P0 V7 (73)
dEWwW M|2: '
4
m 4 a(cof¢p+2 tarf
:ﬁ . _KZ+ = as(cord 5 ¢ The result of the fit to the EW data is displayed in Fig. 8 and
32m%sj c5 Mz \ME 3 Mg the 95% confidence level limit at critical coupling is 2 TeV.

N 1 ay(cofw+2 tarfw)

(69) V. ROBUSTNESS OF BOUNDS
2
9 M2

[In(MZ/m?)]2.

In this section we address the robustness of the bounds to
. . .. anumber of factors. We will discuss how the fit changes as

Finally we must also include the effects from the mixing Higgs boson mass varies and how strongly the fits de-
between the proto-hypercolor group and the d"’?‘gona' Pallsend on the bottom quark asymmetries and left right asym-
Salam generator. We must make some assumption about ) try measurement from SLD. Finally the possible influence
structure of the EW breaking sector; we assume that EWS i§y, e hounds from the presence of additional new physics is

kiroken by the equal VEV of a set of fields satisfyiRy\ iy estigated using the example of the SM fermions mixing
=0 as would be the case if condensates of all the SM fery i, heavy EW singlet fermions.

mions were responsible for the breakifas in the model of

[7]). Writing the standard modé&l mass as . .
A. Variation in the Higgs boson mass

5 e? The fits so far performed have assumed a Higgs boson
MZZSZHC26<T3T3> (70 with a mass of 100 GeV. It is interesting to study the robust-

ness of the limits to changes in the Higgs boson mass. In fact
in many of the dynamical models of EWS breaking we have
used to motivate the existence of flavorons, the Higgs boson
is expected to be somewhat heavier; typically in flavor uni-
versal seesaw mod€]3] the Higgs boson mass is expected

where(T3T3) is the expectation value of the EWS breaking
operator coupling to th@; currents, the mass mixing be-
tween theZ and theZ’' gauge bosons is given by

o2 s to be of the order of 400 GeV. In the SM such a mass would
AM?=———52(T,T3)= 0 “ M2 (71) be equuded but With'the additiqnal flavoron physics it is
S6C4S0Caw Co potentially allowed. It is worth noting that the 230 GeV up-

per bound on the Higgs boson mass in the standard model is
where we have used the coupling in E62), the assumption largely the result of the SLD measurement of the left-right
2Y_ =0, and(QT3)=0. The resulting shifts iZ couplings asymmetry. Removing that piece of data raises the limit to
are given by the order of 400 GeV. The influence of the SLD data on the
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1.4 1.4

K/K¢ K/K¢ my= 300GeV
ALR pull =0
1.2 1.2 ~~—m}= 100GeV
1 \\\\ .
mp=600GeV
0.8 ALR pull =1.75 0.8
my= 200GeV

0.6 0.6

0.4 0.4

0.2 0.2

1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
MEg(GeV) M (GeV)
FIG. 9. The 95% exclusion curves in théx.-M plane for the FIG. 11. The 95% exclusion curves from fits Zepole data in

universal coloron model with a 100 GeV Higgs boson mass andhe «/«,-M plane for the universal coloron model with varying
varying A g pull. Higgs boson mass.

flavoron bounds, however, is small. This can be seen in Fignsensitive. Note that it is possible in these models for the
9 where the limit on the universal coloron model is shown 'inggs boson mass to lie above the SM 95% exclusion limit
the pull of the data from the fit was zero. — indeed, the upper Higgs bound can be increased to 650
As a first example of the Higgs boson mass dependencesey (or well over 1 TeV if the SLD data point is removed

we show in Fig. 10 the 95% confidence level bounds on thgom the fif. Larger Higgs boson masses ary allowed in
chiral quark familon model with varying Higg_s_ boson Mass.the presence of extra gauge bosons and there is dtsoea

The bound on the flavoron mass scale at critical coupling i$oundon the coupling of the flavoron at these high Higgs
relatively insensitive to such changes. The model has littlgyy5on mass values. As an example in Fig. 12 we show the

effect on the Higgs boson mass upper bound, which in our fi§504 exclusion curve for a 400 GeV Higgs boson.
is 230 GeV. The Higgs boson mass dependence of tH8)SU

and SU12) chiral flavor symmetry models follows this same
pattern as the familon model.

The universaland chiral top coloron models have larger A cursory overview of the data in E(LO) reveals that the
contributions to th& parameter which lead to these models’ quantitiesA, and A%P are those furthest from the SM pre-
preferring a heavy Higgs bosdwhich gives negative con- dictions. What role are these discrepancies playing in the fit?
tributions toT). The dependence on the Higgs boson mass ié\lthough the experimental deviation is in the opposite direc-
shown in Fig. 11 for the universal coloron model. If the tion to the shifts in these quantities induced by the vertex
Higgs boson is light, then the limits on the colorons rise. For
Higgs boson masses above 200 GeV the limits are relatively

B. Role of A, and A%?

KK
114 1.2
K/Kc Forbidden
1.2 1 Allowed
1 0.8
0.8 m},= 200GeV 0.6
mp= 100GeV
06 0.4
0.4 0.2
0.2 1000 2000 3000 4000 5000 6000
. M;(GeV)

1000 2000 3000 4000 5000
MEg(GeV) FIG. 12. The 95% exclusion curves in thkéx.-Mg plane for

the universal coloron model with a 400 GeV Higgs boson mass.
FIG. 10. The 95% exclusion curves in thkéx.-Mg plane for  Note the appearance oflewer bound on the coloron mass: a 400
the chiral quark family symmetry model with varying Higgs boson GeV Higgs boson is only allowed in the presence of interactions
mass. beyond the standard model.
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1.4 1.4
K/Ke Appull = o}\ K/K¢

1.2 AB, pull =0 1.2

1 \[Ab pull = -1.93 1
Al pull =-1.81

0.8 fo P 0.8 150GeV

0.6 0.6

0.4 0.4

0.2 0.2 0GeV

1000 2000 3000 4000 5000 6000 1000 2000 3000 2000
Mg (GeV) Mp/(GeV)
FIG. 13. The 95% exclusion curves in thkéx.-Mg: plane for FIG. 15. The 95% exclusion curve in tkéx.-M plane for the

the universal coloron model with a 100 GeV Higgs boson mass angauged chiral, quark, family symmetry model with universal SM
varying A, andA®, experimental pull. fermion mixing. The four curves correspond to the indicated values

of the mixing massn,,;, Eq. (74). We takem,,=100 GeV.
corrections in Eq(1), their role in constraining the models is
not too great. As an indication of the importance of these oustandard model fermigrwith massesM . We assume that
lying measurements we show in Fig. 13 what the boundshe mass mixing term is the same for all the SM fermions
would have been in the universal coloron model if the pullsand display the results of a fit to the EW data for mass
in the SM fit had been zero. Relaxing these measurementgixings, M ,,ix, between 50 GeV and 150 GeV. We treat the
weakens the bound although by only a few hundred GeVmixing in perturbation theory through the graph in Fig. 14 so
The other flavoron models behave very similarly in this re-the shifts to the SM fermio& vertices are

spect to the universal coloron model. )

M mix
: (74)

e
. . 6gi=— ——QsS5
C. Flavorons and fermion mixing 9r sgcgQf Hw( Mg

As an example of the role that extra new physics can play
in changing the bounds on flavorons, in this section we inSINC@Mg>Mpi,. _ o
clude the possibility of SM fermions mixing with massive 1 Fig. 15 we display the results of the fit to the precision
electroweak singlet states. Fermion mixing is an integral par‘fiaté_ for the chiral, quark familon symmetry model. The
of the top[6] and flavor universa[7] seesaw models. In fe€rmion mixing gives rise to a sharp cut off Mg where the
these models EW symmetry is broken by a condensate pshifts in the vertices from the mixing alone saturate the ex-

tween the left handed SM fermions and massive, Sing|eperimental bounds. Above that scale the constraints on the
Dirac fermions with quantum numbers of the right handedflavorons are in fact reduced slightly because the mixing ver-

SM fermions. Although these models have a decouplind® corrections(74) have the opposite sign to those of the
limit, in which the mass of the EW singlet fermions may be flavoron correctiong1). As the mixing mass rises to 200
taken arbitrarily high, for the dynamics that breaks EW sym-GeV the bound from the mixing dominates. The behavior of
metry to involve the singlets we require that they be notthe familon model is |nQ|cat|ve of the effect in the othe_r
more massive than the flavor gauge bosons. models where the effect is also small up to the scale of mix-
To include these effects we assume that all the SM fermiind where that new physics dominates the bound.
ons mix with singlets(one pair for each type of massive
VI. CONCLUSIONS

f Gauged flavor symmetries at low energies have been pro-
X posed in models of dynamical electroweak symmetry break-
Z ing and fermion mass generation. These massive flavor
gauge bosons give rise to corrections to precisely measured
electroweak quantities. We have performed fits toZhmole
electroweak data and placed indirect limits on such new

f 3Top-quark mixing with a singlet fermion also affects the one-
loop contributioits) to Ap/T [6]. This effect can be made relatively
FIG. 14. The diagram correcting fermigf Z vertices when the  small, depending on the details of the model. We include here only
SM fermions mix with massive singletg, the added, and potentially much larger, effect of fermion mixing.
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physics. In particular we studied several models from thedirect search limits have been computed to this pp2d|
literature: the universal coloron, chiral top color, chiral quarkand as we have seen the direct search limits are superior. We
family symmetry, SW9) and SU12) chiral flavor symmetry.  will explore the direct search limits in a later paper.

The 95% confidence limits on the mass of the heavy gauge

bosons for these models, at their critical coupling for chiral

symmetry breaking, typically lie between 1 and 3 TeV. ACKNOWLEDGMENTS
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