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Bounds on flavor gauge bosons from precision electroweak data
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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, SU~9! and SU~12! 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 mass,b-quark asymmetry data, the SLD left right asymmetry data, or additional new physics.

PACS number~s!: 12.60.Cn, 12.15.Lk
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I. INTRODUCTION

The standard model~SM!, in the limit where we neglec
all gauge interactions and fermion masses, has a la
SU~45! global symmetry corresponding to the fact that
this limit there are 45 chiral fermion fields that are indisti
guishable. The gauge interactions of the SM are by neces
subgroups of this maximal symmetry, they are in particu
the familiar SU(3)c3SU(2)L3U(1)Y gauge symmetry.
There is no current theoretical understanding of why t
particular subgroup is picked out to be gauged. Furtherm
we have learned from the SM that gauge symmetries ma
broken and not manifest at low energies. The possibi
therefore exists that at high energies a larger subgroup o
SU~45! symmetry is gauged, and then broken by some
namics or Higgs mechanism to the SM gauge group.

These gauged flavor symmetries have been invoked
number of scenarios to play a role in the dynamical gene
tion of fermion masses. For example they may play the p
of extended technicolor@1# interactions in technicolor mod
els @2# or top quark condensation models@3#, feeding the
electroweak symmetry~EWS! breaking fermion condensat
down to provide masses for the lighter standard model
mions. Strongly interacting flavor gauge interactions m
also be responsible for the condensation of the fermions
rectly involved in EWS breaking. For example, top qua
condensation has been postulated to result from a top-c
gauge group@4# and, in the model of Ref.@5#, from family
gauge interactions. There has been renewed interest in t
models recently with the realization that variants, in whi
the top quark mixes with singlet quarks, can give rise to b
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the EW scale and an acceptable top quark mass via a se
mass spectrum@6#. These top quark seesaw models have
added benefit of a decoupling limit which allows the pre
ence of the singlet fields to be suppressed in precision
measurements, bringing these dynamical models in line w
the data. Flavor universal variants@7# with the dynamics
driven by family or large flavor gauge symmetries have a
been constructed.

The naive gauging of flavor symmetries at low scales~of
the order of a few TeV! often gives rise to unacceptabl
large flavor changing neutral currents~FCNC! since gauge
and mass eigenstates do not coincide~gauge symmetries tha
give rise to direct contributions toK0-K̄0 mixing typically
are constrained to lie above 500 TeV in mass scale!. There
are, though, many models that survive these constra
Gauge groups that only act on the third family are less
perimentally constrained — top color is such an examp
Models in which the chiral flavor symmetries of the S
fermions are gauged preserving the SM U(3)5 flavor sym-
metry @8# respect the Glashow-Iliopoulos-Maiani~GIM!
mechanism even above the breaking scale and do not
rise to tree level FCNC@9#. There are also strong constrain
on gauged flavor models where the dynamics responsible
the breaking of the flavor symmetry does not respect cu
dial isospin@10#. We shall restrict ourselves to models whe
the top quark mass is the sole source of custodial isos
breaking.

Since these interactions may exist at relatively low sca
~a few TeV!, where they do not completely decouple, a
play an integral part in either EWS breaking or fermion ma
generation, it is interesting to study the current experimen
bounds. In this paper we will concentrate on the bounds fr
precision EW measurements@11#. We will constrain a num-
ber of models that have been proposed in this context:
universal coloron model@12#, chiral top color @6#, chiral
quark family gauge symmetry@9,5,7#, SU~9! chiral quark
©2000 The American Physical Society09-1
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 61 035009
flavor symmetry@13,7#, and SU~12! chiral flavor symmetry
@13,7#. Except in the last section, for simplicity the only fe
mions included in our analysis are the ordinary quarks
leptons. Therefore, as presented here the models will no
anomaly free. The models can be made anomaly free by
introduction of additional fermions that obtain masses at
above the gauge boson mass scale as a result of the fl
symmetry breaking sector. The SM fermions that are li
below that scale survive because they are chiral under
remaining, unbroken gauge interactions — this is an exam
of Georgi’s ‘‘extended survival hypothesis’’@14#. For each
of the gauge symmetries we study, an explicit example o
anomaly-free model exists in the literature in the referen
provided above.

The gauge bosons can enter into precision EW predict
either through corrections to theZ mass from isospin violat-
ing effects in top loops@15# and mixing with theZ @10# or as
vertex corrections to theZ-fermion vertices@16#. We review
the generic form of these corrections in Sec. II. In Sec. III
describe our fit to theZ-pole data. In Sec. IV we review eac
of the models under study and display the precision lim
To this point the limits are on the models with only the flav
gauge bosons as new physics. The contributions to thr
parameter are a significant constraint and our limits co
spond to the hard limit onDr ~or aT) of <0.1% @17#. The
softer upper bound onDr often quoted of 0.4%@17# as-
sumes the existence of extra new physics contributing to
S parameter@18# to maximize the possible value ofDr. The
flavorons do not contribute toS ~at leading order! and so the
harder limit is applicable here. In Sec. V we discuss
dependence of the limits on changes to the Higgs bo
mass. The limits are largely insensitive except in the cas
models which give rise to large corrections to theDr/T pa-
rameter~in particular the coloron models! and prefer a heavy
Higgs boson in order to cancel that contribution. The bou
on these models decrease for Higgs boson masses as la
650 GeV which, without the flavorons, would be ruled out
95% confidence in the SM. We also discuss the depende
of the limits on theb quark asymmetries, which are the me
surements with the most deviation from SM predictions, a
the SLAC Large Detector~SLD! measurement of the left
right asymmetry, which provides one of the strongest c
straints on the Higgs boson mass.

It is important to remember the limitation of indirect co
straints such as these; additional unanticipated new phy
may exist that enters the fit and in principle may cancel
contributions from the gauge bosons, completely remov
any bound~or equally the bound may be considerably toug
ened by extra new physics!. In practice such a conspirac
seems unlikely and the bounds we calculate provide a
sible guide to the exclusion limit. As an example of the po
sible effect of additional new physics, in Sec. V we al
discuss the addition of vertex corrections from mixing b
tween the SM fermions and singlet massive fermions suc
occurs in the top@6# and flavor universal@7# seesaw models
Another possible source ofSandT contributions is the scala
sectors of these models, which are potentially light. Ho
ever, enumerating these scalars is model dependent and
masses are hard to estimate reliably, so we do not attem
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include them. We expect the few TeV bound on the flavor
masses coming from our fit to hold even with such pertur
tions.

II. FLAVORON CORRECTIONS TO EW PARAMETERS

The massive flavor gauge bosons~flavorons! under study
give a number of corrections to low energy EW paramete
In this section we provide generic calculations of these
fects.

Flavorons acting on the SM fermions give rise to vert
corrections in the low energy SM. We assume that there
no massive fermions beyond those in the SM transform
under the flavor gauge groups as part of the same ga
multiplet as the SM fermions~an example would be techni
fermions!. These would give rise to overly large correction
as is well known from extended technicolor models@19#.
The main corrections toZ vertices occur at orderp2 in the
expansion of the penguin vertex correction in Fig 1. Hill a
Zhang@16# have calculated the correction to the vertex to

Dgf5gf

GkF

6p

MZ
2

MF
2 lnS MF

2

MZ
2 D ~1!

wheregf is the coupling for theZ-fermion vertex,G is the
appropriate group theory factor for the diagram,kF

5gF
2/4p with gF the flavoron gauge coupling, andMF the

flavoron mass.
The flavorons can also give corrections to theZ mass

through the diagram in Fig. 2 involving a top loop@15#. The
top-bottom quark mass splitting provides the source of is
pin breaking, so there are contributions toDr ~T! even when
the flavoron physics is isospin preserving.

The contribution toT is

T5
p

suw

2 cuw

2 MZ
2 @2PLL~mt,0!2PLL~mt ,mt!# ~2!

wherePLL(mt,0) andPLL(mt ,mt) refer to the left-handed
vacuum polarizations involving one top and one~massless!
bottom quark, and two top quarks in the loop respective
and they are evaluated at zero momentum transfer. Foll
ing @15# we will approximate the two loop diagram by
product of two one-loop diagrams after the flavoron prop
gator has been contracted to a point interaction.

Allowing the flavoron to have different couplings to le
and right handed top quarks we find

FIG. 1. Z vertex corrections from heavy flavorons.
9-2
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PLL~mt,0!52
NcGLL8

64p3
mt

4@ ln~MF
2/mt

2!#2
kF

MF
2 ~3!

PLL~mt ,mt!52
Nc~GLL8 1GRR8 !

16p3
mt

4@ ln~MF
2/mt

2!#2
kF

MF
2

~4!

with GLL8 and GRR8 appropriate group theory factors for th
model for the interaction between two left handed quarks
two right handed quarks respectively, and where we h
evaluated the leading logarithm. The resulting contribut
to T is

T5Nc~GLL8 12GRR8 !
mt

4

32p2suw

2 cuw

2 MZ
2

kF

MF
2 @ ln~MF

2/mt
2!#2.

~5!
There is a final possible source of contributions to theZ

vertex corrections and theT parameter in models where
generator of the flavor group~we will call the associated
gauge bosonZ8) mixes with hypercharge orT3 of the weak
SU~2! group @10#. If at the weak scale theZZ8 mass matrix
takes the form

~ZmZ8m!S MZ
2 DM2

DM2 MF
2 D S Zm

Zm8
D , ~6!

and if MF
2@MZ

2 , DM2, then there will be corrections to th
Z-fermion couplings in the low energy theory of the for
~from Fig. 3!
03500
d
e

n

Dgf.2
DM2

MF
2 gf

Z8 ~7!

and diagonalizing the mass matrix so that the shift in the l
energyZ mass is

DMZ
252

~DM2!2

MF
2 ~8!

gives aT parameter contribution

T51
DMZ

2

aMZ
2 . ~9!

Clearly for these contributions to be small we require that
only sources of custodial isospin breaking occur at the w
scale so thatDM is of orderv and not of orderMF . The
models we consider all respect custodial isospin at the fla
symmetry breaking scale.

These shifts in low energy SM parameters are the lead
corrections. The shifts in theZ-fermion vertices will for ex-
ample also give rise toS parameter contributions at the loo
level @22# but these are considerably smaller than the dir
effects and we neglect them.

III. FITTING TO PRECISION DATA

To place bounds on the models we use primarily theZ
pole precision observables from the CERNe1e2 collider
LEP and SLD experiments plus the collider measurement
the W mass. We use the data and SM fit from@11#:
Vi Tree level Measurement SM fit pull

GZ~GeV! 2.493960.0024 20.80

s0 G lepGhad /GZ 41.49160.058 0.31

Rl Ghad /G lep 20.76560.026 0.66

Rb Nc~gbL

2 1gbR

2 !/Ghad 0.2165660.00074 0.90

Rc Nc~gcL

2 1gcR

2 !/Ghad 0.173560.0044 0.29

Ae ~geL

2 2geR

2 !/~geL

2 1geR

2 ! 0.147960.0051 0.25

Ab ~gbL

2 2gbR

2 !/~gbL

2 1gbR

2 ! 0.86760.035 21.93

Ac ~gcL

2 2gcR

2 !/~gcL

2 1gcR

2 ! 0.64760.040 20.52

Af b
0,b 3AeAb/4 0.099060.0021 21.81

Af b
0,c 3AeAc/4 0.070960.0044 20.58

Af b
0,e 3Ae

2/4 0.0168360.00096 0.73

At ~gtL

2 2gtR

2 !/~gtL

2 1gtR

2 ! 0.143160.0045 20.79

ALR Ae 0.151060.0025 1.75

MW
LEP2 MW

SM~110.0055T20.0036S! 80.3760.09 20.01

MW
pp MW

SM~110.0055T20.0036S! 80.4160.09 0.43

~10!
9-3
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 61 035009
where

GZ5(
f

~gf L

2 1gf R

2 !

Ghad5(
had

~ghL

2 1ghR

2 !

G lep5(
lep

~gl L
2 1gl R

2 !. ~11!

The top quark, of course, does not contribute to anyZ-pole
variables at the tree level.

We use the fit of@11# as our test standard model in
which we introduce corrections@21#. The full fit of @11# in-
cludes measurements of theZ mass and sin2uW as determined
in low energy neutrino scattering data. For simplicity,
comparing the predictions of our models to electroweak d
we use theZ mass~the most precisely measured quantity! as
a ~fixed! input to our calculation, and do not include sin2uW.

As an illustration of the correspondence of our fit to th
given in @11#, we may compare the constraints on the Hig
boson mass in the standard model. The fit of@11# corre-
sponds to a best fit Higgs boson mass ofmh576 GeV and a
bound of 262 GeV at 95% confidence level. Variation in t
Higgs boson mass may be viewed as contributions to thS
and T parameters which are calculated in@20#. Using this
method to incorporate variations in the Higgs boson m
and with the more limited set of precision variables we co
sider, we find a 95% confidence limit upper bound of 2
GeV (120 GeV at 67%), in good agreement with the full

Furthermore, because the Higgs boson mass enters p
sion measurements only logarithmically, the limit on t
Higgs boson mass is very sensitive to small changes in
measured parameters and the difference in the Higgs b
mass bound exaggerates the difference between the two
In contrast, the flavoron masses enter quadratically in cor
tions to precision electroweak observables, and the bou
we derive would not change significantly were we to inc
porateMZ and sin2uW. For definiteness, we will take a Higg
boson mass of 100 GeV as our standard in the fits of Sec

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

FIG. 3. Flavoron-Z mixing shift to SM couplings.
03500
ta

t
s

s
-

ci-

e
on
ts.
c-
ds
-

V.

In Sec. V we show that the bounds are largely insensitive
changes in the Higgs boson mass.

The flavoron models affect the low energy predictio
through theZ-fermion coupling shifts described in Sec. I
The leading order shifts as a function of the model para
eters dgi(k,MF) are easily calculable from the tree lev
expressions in Eq.~10! for the electroweak observables (MW
is independent of the shifts to theZ-fermion couplings!. The
models also give rise to shifts in theDr ~T! parameter.

We include one non-Z-pole measurement in our fit, th
lattice determination ofas @17#:

as
lattice~MZ!50.11760.003. ~12!

This constraint is important for our fit since the vertex co
rections in some of our models~in particular the universa
coloron model! mimic a shift inas(MZ). Fitting to the lattice
data ensures we do not produce an unacceptable value
LQCD . The value ofas(MZ) is, by these standards, impre
cisely determined and therefore we include possible va
tions in the input parameteras(MZ) throughdas , a param-
eter which we will include in the fit. We include the effec
das on electroweak measurements by modifying the qu
couplings1

dgq5
e

sucu
~T32Qsu

2!
das

2p
. ~13!

We perform the fit as follows. For a given model and cho
of MF andmh we have predictions for the shifts in the SM
quantities in Eq.~10! as a function ofkF and das . We
calculatex2 and place a limit onkF by finding the 95%
confidence value ofx2, allowing das to take a value that
minimizeskF . The number of degrees of freedom is 14
the number of fitted variables~16! minus 2 for the 2 fitted
quantities.

IV. MODELS AND LIMITS

We present five models as examples of flavoron phys
and give their limits from the EW precision fit.

A. Universal coloron

The universal coloron model@12# at high energies has th
gauge symmetry of the SM with regards the SM fermio
but, in addition, an extra SU~3! gauge group acting on a new
fermion or scalar sector. That new sector also transfo
under the proto-color group. It is assumed that dynam
occurring in the new sector makes all the additional ma
massive and induces a vacuum expectation value~VEV! ~V!

for an effective Higgs boson in the (3,3)̄ of the proto-color
group and the additional SU~3!. The two sets of SU~3! gauge
bosons mix through the mass matrix

1The leading order QCD correction to the hadronic branching
tios is Gh5Gh

0(11as /p).
9-4
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BOUNDS ON FLAVOR GAUGE BOSONS FROM . . . PHYSICAL REVIEW D61 035009
~Am,Bm!S gcp
2 2gcpgF

2gcpgF gF
2 D V2S Am

Bm
D ~14!

which is familiar and diagonalize to

~Xm,Gm!S gcp
2 1gF

2 0

0 0
DV2S Xm

Gm
D ~15!

where

S Am

Bm D5S cosuF 2sinuF

sinuF cosuF
D S Gm

Xm
D ~16!

with

sinuF5
gcp

Agcp
2 1gF

2
, cosuF5

gF

Agcp
2 1gF

2
. ~17!

Here theGm are the gauge bosons of the unbroken SU~3!,
which we identify with QCD, and there is a massive co
octet of gauge bosons (Xm) that also couples to the SM
quarks. The low energy QCD coupling, with the standa
generator normalization, is given by

gc5
gFgcp

A~gcp
2 1gF

2 !
. ~18!

Note that this condition implies a minimum value forkF

5gF
2/4p>as in order to obtain the physical color coupling

We takeas(2 TeV).0.09.
The extra massive octet with massMF85Agcp

2 1gF
2V

couples as

gcpA
am(

f
q̄ fgmTaqf→2gccotuFXam(

f
q̄ fgmTaqf1•••.

~19!

If we assume that at low energies the massive gauge bo
may be approximated by a Nambu–Jona-Lasinio~NJL!
model four fermion interaction

Leff52
gc

2cot2uF

2!MF8
2 S (

f
q̄ fgmTaqf D 2

1•••, ~20!

then the critical coupling2 for chiral symmetry breaking in
that approximation is

cot2ucrit5
2Ncp

~Nc
221!as~2 TeV!

526.2. ~21!

2Note that, defining the theory in terms of a momentum-sp

cutoff L, a four fermion interactionGc̄cc̄c has a critical coupling
Gc52p2/L2 @23#. The smaller value of cotucrit given in @24,25#
results from using the large-N approximation and ignoring the run
ning in as from MZ to MF85O(2 TeV).
03500
r

d

ns

We may now calculate the corrections the model produ
to the low energy SM predictions. The universal color
produces a universal shift to theZ couplings of all the
quarks, from Eq.~1!,

gf→gfF11
ascot2uMZ

2

6pMF8
2

~Nc
221!

2Nc
lnS MF8

2

MZ
2 D G . ~22!

The correction to the coupling of the top quark would ha
to reflect the large top quark mass but the top quark does
enter intoZ pole observables. The contribution to theT pa-
rameter in the model is, Eq.~5!,

T5
Nc

221

2

3mt
4

32p2suw

2 cuw

2 MZ
2

ascot2u

MF8
2 @ ln~MF8

2 /mt
2!#2.

~23!

The model has noZ8 to mix with theZ. Performing a fit to
the Z-pole data as described in Sec. III produces the 9
exclusion curve shown in Fig. 4. When the coupling is cr
cal the massive octet must lie above 3 TeV in mass. In Fi
we also display the precision bound reported in@24#; that
bound comes from the weakr parameter constraintDr
<0.4% which assumes the existence of new physics in thS
parameter. As there are no large contributions to theS pa-
rameter, we derive a stronger bound. These constra
should be compared to the best current experimental lim
from collider jet production@24# also shown in Fig. 4 — the
direct search limits are stronger than the precision meas
ment constraint.

B. Chiral top color

Top color @4# is very similar in the gauge sector to th
universal coloron model — above the flavor breaking sc

e

FIG. 4. Exclusion curves in thek/kc-MF8 plane for the univer-
sal coloron model with a 100 GeV Higgs boson mass. The cu
marked ‘‘@24#’’ is the precision bound from Ref.@24#. The D0
curve is the current 95% confidence level experimental limit fro
collider jet production, also from@24#. The remaining curves are
our fit at the 95% and 67% confidence levels.
9-5
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there are two SU~3! gauge groups that break to QCD and
massive color octet of gauge bosons. The SM fermions tra
form under the weaker~‘‘proto-color group’’! of the two
SU~3! groups except for the left handed top-bottom doub
cL , which transforms under the stronger group. The
color group we consider is therefore chiral as in the see
model of@6#. The gauge-boson mixing is as for the univers
coloron model. Thus below the flavor breaking scale th
are the usual SM gluons plus one extra massive octet
massMF85Agcp

2 1gF
2V and couplings

gcpA
amc̄LTagmcL1gtcB

am(
q

q̄Tagmq

→2gccotuFXamc̄LTagmcL

1gctanuFXam(
q

q̄Tagmq1••• ~24!

where q are any chiral SM quark except the left hand
top-bottom multiplet. The critical coupling again corr
sponds to cot2u526.2.

The chiral top color model provides universal shifts to t
Z couplings of all the quarks, excepting the top-bottom l
handed doublet, of the form

gq→gqF11
astan2uMZ

2

6pMF8
2

~Nc
221!

2Nc
lnS MF8

2

MZ
2 D G . ~25!

The left handed bottom quark’sZ couplings receives the cor
rection Eq.~1!,

gbL
→gbLF11

ascot2uMZ
2

6pMF8
2

~Nc
221!

2Nc
lnS MF8

2

MZ
2 D G . ~26!

The contribution to theT parameter in the model is

T5
Nc

221

2

mt
4

32p2suw

2 cuw

2 MZ
2

as~cot2u12 tan2u!

MF8
2

3@ ln~MF8
2 /mt

2!#2. ~27!

The model has noZ8 that mixes with theZ. The result of
performing the fit to the EW precision data is shown in F
5 and the 95% confidence limit is relatively low~1.3 TeV at
critical coupling!.

C. Chiral quark family symmetry

The gauging of the chiral family symmetry of the le
handed quarks has been motivated in technicolor@9#, top
condensate@5# and flavor universal seesaw models@7#. The
minimal representative model has a gauged SU~3! family
symmetry, in addition to the SM interactions, acting
the three left handed quark doublets Q
5„(t,b)L

i ,(c,s)L
i ,(u,d)L

i l … where i is a QCD index which
commutes with the family symmetry. Note that gauging t
symmetry leaves the SM U(3)5 global symmetry responsibl
03500
s-

t,
p
w
l
e
th

t

.

s

for the GIM mechanism@8# unbroken and the model is fre
of tree level FCNC@9#. The additional terms in the Lagrang
ian are

L5 igFAmaQ̄gmTaQ ~28!

whereTa are the generators of SU~3! corresponding to the
three families. We assume that some massive sector ind
a VEV for an effective Higgs boson that completely brea
the SU~3! family group, giving gauge bosons masses of t
order ofMF5gFV whereV is the mass scale associated w
the symmetry breaking. There is no mixing with the S
gauge group.

If we assume that at low energies the massive gauge
son may be approximated by a NJL model with coupli
4pk/2!MF

2 (k5gF
2/4p), then the critical coupling for chi-

ral symmetry breaking in that approximation is

kcrit5
2Np

~N221!
52.36. ~29!

The chiral quark familons give rise to universal correctio
to all the left handed SM quarkZ couplings~1!. The only
subtlety is including the top quark mass for isospin11/2
quarks:

g11/2L
→g11/2LF11

5kMZ
2

36pMF
2 lnS MF

2

MZ
2 D 1

kMZ
2

12pMF
2 lnS MF

2

mt
2 D G

~30!

g21/2L
→g21/2LF11

2kMZ
2

9pMF
2 lnS MF

2

MZ
2 D G . ~31!

The contribution to theT parameter in the model is Eq.~5!,

T5
Nc

3

mt
4

32p2suw

2 cuw

2 MZ
2

k

MF
2 @ ln~MF

2/mt
2!#2. ~32!

FIG. 5. The 95% and 67% exclusion curves in thek/kc-MF8
plane for the chiral top coloron model with a 100 GeV Higgs bos
mass.
9-6
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The result of the fit to EW data is shown in Fig. 6. At critic
coupling the 95% confidence level bound is approximatel
TeV.

D. SU„9… chiral quark flavor symmetry

We next consider a natural extension of the ideas of ga
ing the quark family symmetry and chiral color symmetr
That is to gauge the full SU~9! symmetry of both the color
and family multiplicity of the left handed quarks. Such
symmetry can be implemented as an extended technic
s

th
y
W
th

a

03500
2

g-
.

lor

gauge symmetry~in the spirit of @13#! or in quark universal
seesaw models~as in @7#!. Again the SM GIM is preserved
@13#. The SU~9! symmetry commutes with the standard we
SU~2! gauge group and acts on the left handed quarks,

QL5„~ t,b!r ,~ t,b!b,~ t,b!g,~c,s!r , . . . ,~u,d!g
…L , ~33!

with r ,g,b the three QCD colors, as

L5 igFBamQ̄LLagmQL ~34!

with La the generators of SU~9! which include
1

A3 S Ta 0 0

0 Ta 0

0 0 Ta
D ,

1

A6 S Ta 0 0

0 Ta 0

0 0 22Ta
D ,

1

A2 S Ta 0 0

0 2Ta 0

0 0 0
D ~35!

whereTa are the 8 333 QCD generators. SU~9! further contains

1

A2 S 0 Ta 0

Ta 0 0

0 0 0
D ,

1

A12S 0 1 0

1 0 0

0 0 0
D ,

1

A2 S 0 2 iTa 0

iTa 0 0

0 0 0
D ,

1

A12S 0 2 i 0

i 0 0

0 0 0
D ~36!
rge

gs

m-
f

or

ft

a-
plus the two other similar sets mixing the remaining familie
Finally there are two diagonal generators

1

A12S 1 0 0

0 21 0

0 0 0
D ,

1

A36S 1 0 0

0 1 0

0 0 22
D . ~37!

The model must also contain the usual interactions of
right handed quarks and leptons. These are included b
proto-color group that acts on the right handed quarks.
normalize the proto-color gauge bosons’ couplings such
they have the same generators as the SU~9! bosons:

FIG. 6. The 95% and 67% exclusion curves in thek/kc-MF

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

e
a

e
at

L5
i

A3
gcpA

maq̄RgmTaqR . ~38!

The model must also include the usual SM hypercha
gauge boson.

At the flavor breaking scale we assume an effective Hig
boson that transforms as a (9,9)̄ under SU(9)L3SU(9)R chi-
ral flavor symmetry acquires a VEV breaking the gauge sy
metry to a single SU~3! that becomes QCD. The majority o
the SU~9! gauge bosons have massMF5gFV. Eight of the
SU~9! generators mix with the right handed proto-col
group. They correspond to the first generators in Eq.~35!
which look like the usual QCD interactions of the le
handed quarks.

The proto-gluons and flavorons mix through the mass m
trix

~Am,Bm!S gcp
2 2gcpgF

2gcpgF gF
2 D V2S Am

Bm
D ~39!

which diagonalizes to

~Xm,Gm!S gcp
2 1gF

2 0

0 0
DV2S Xm

Gm
D ~40!

where

S Am

BmD 5S cosf 2sinf

sinf cosf D S Gm

Xm
D ~41!

with
9-7
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sinf5
gcp

Agcp
2 1gF

2
, cosf5

gF

Agcp
2 1gF

2
. ~42!

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

gc5
gFgcp

A3~gcp
2 1gF

2 !
~43!

which implies thatkF>3as(2 TeV).
Thus the SM fermions’ interactions with the massi

color octet ~with mass MF85Agcp
2 1gF

2V5MF /cf) are
given by

2gctanfXamq̄RgmTaqR1gccotfXamq̄LgmTaqL .
~44!

If we assume that at low energies the massive gauge bo
may be approximated by a NJL model with couplin
4pk/MF

2 ~we ignore the effects of the mixing of eight of th
generators with proto-color in this estimate which yields c
rections of ordergcp /gF), then the critical coupling for chi-
ral symmetry breaking in that approximation is

kcrit5
2Np

~N221!
50.71. ~45!

We may now calculate the deviations in low energy para
eters in the SU~9! flavoron theory. The fermionZ vertices are
corrected to, Eq.~1!,

DguL
5guL

kMZ
2

6pMF
2 F S 5Nc

6
1

cf
4 ~Nc

221!

6Nc
D lnS MF

2

MZ
2 D

1
Nc

2
lnS MF

2

mt
2 D G ~46!

DguR
5guR

kMZ
2

6pMF
2 Fsf

4 ~Nc
221!

6Nc
G lnS MF

2

MZ
2 D ~47!

DgdL
5gdL

kMZ
2

6pMF
2 F4Nc

3
1

cf
4 ~Nc

221!

6Nc
G lnS MF

2

MZ
2 D

~48!

DgdR
5gdR

kMZ
2

6pMF
2 Fsf

4 ~Nc
221!

6Nc
G lnS MF

2

MZ
2 D ~49!

where we have neglected the difference betweenMF and
MF8 in the logarithms.

The contribution to theT parameter in the model is, Eq
~5!,

T5
mt

4

32p2suw

2 cuw

2 MZ
2

NcS k

MF
2 1

4

3

as~cot2f12 tan2f!

MF
2 D

3@ ln~MF
2/mt

2!#2. ~50!
03500
r

ns

-

-

Again there is no mixing with theZ boson.
The results of the fit to the electroweak data are displa

in Fig. 7 and the 95% confidence level limit on the model
its critical coupling is a little below 2 TeV.

E. SU„12… chiral flavor symmetry

The final model we consider is one in which we gauge
full SU~12! flavor symmetry of all the left handed SM fer
mion doublets@13,7#

QL5„~ t,b!r ,~ t,b!b,~ t,b!g,~nt ,t!,~c,s!r , . . . ,~ne ,e!…L .
~51!

The flavor gauge interactions act as

L5 igFBamQ̄LLagmQL ~52!

with La the generators of SU~12!, which may be conve-
niently broken down into the following groupings:

1

A3 S Pa 0 0

0 Pa 0

0 0 Pa
D ,

1

A6 S Pa 0 0

0 Pa 0

0 0 22Pa
D , ~53!

1

A2 S Pa 0 0

0 2Pa 0

0 0 0
D

wherePa are the fifteen 434 Pati-Salam generators consis
ing of eight 333 blocks that correspond to the QCD gene

FIG. 7. The 95% and 65% exclusion curves in thek/kc-MF

plane for the gauged chiral quark SU~9! flavor symmetry model
with a 100 GeV Higgs boson mass. The shaded region is exclu
by the requirement that the measured value ofas be obtained.
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BOUNDS ON FLAVOR GAUGE BOSONS FROM . . . PHYSICAL REVIEW D61 035009
tors, six step operators between the quarks and leptons
the diagonal generator 1/A24 diag(1,1,1,23). SU~12! further
contains

1

A2 S 0 Pa 0

Pa 0 0

0 0 0
D ,

1

A16S 0 1 0

1 0 0

0 0 0
D ,

1

A2 S 0 2 iPa 0

iPa 0 0

0 0 0
D ,

1

A16S 0 2 i 0

i 0 0

0 0 0
D ~54!

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

1

A16S 1 0 0

0 21 0

0 0 0
D ,

1

A48S 1 0 0

0 1 0

0 0 22
D . ~55!

To ensure that the SM gauge groups emerge at low ener
we must again introduce a proto-color group as in the SU~9!
model above. The first 8 generators of SU~12! in Eq. ~53! are
the same as those in the SU~9! model ~35! and, hence, the
discussion of the mixing between the proto-color and th
SU~12! gauge bosons follows the discussion of the SU~9!
model exactly.

In the SU~12! model, though, we must also include
proto-hypercolor gauge boson. The Pati-Salam diagonal g
erator in the first set of generators in Eq.~53! is the tradi-
tional generator for the hypercharge boson’s coupling to
handed fermions. The proto-hypercharge gauge boson th
fore only couples to the right handed fermions. We write
couplings in each case in terms of the standard normal
hypercharges (Q5T31Y) and with the indicated normaliza
tions of the couplings

L5 igyp

YR

A2
f̄ RAm f R1 igF

YL

A2
f̄ LBm f L ~56!

whereYL andYR are the left and right handed hypercharg
(YL1YR5Y). At the flavor breaking scale the two gaug
bosons mix through the mass matrix

~Am,Bm!S gyp
2 2gypgF

2gypgF gF
2 D V2S Am

Bm
D ~57!

which diagonalizes to

~Z8m,Ym!S gyp
2 1gF

2 0

0 0
DV2S Zm8

Ym
D ~58!

where

S Am

Bm D5S cosv 2sinv

sinv cosv
D S Ym

Zm8
D ~59!

with
03500
nd

.

es,

8

n-

ft
re-
e
d

s

sinv5
gyp

Agyp
2 1gF

2
, cosv5

gF

Agyp
2 1gF

2
. ~60!

HereYm is the ordinary hypercharge gauge boson.
The low energy hypercharge coupling, with the stand

normalization of hypercharges, is given by

gY5
gFgyp

A2~gyp
2 1gF

2 !
~61!

and kF>aY(2 TeV)/2 which is a lesser constraint than th
constraint from obtaining the correct low energy QCD co
pling discussed above.

The massive eigenstate has massAgF
21gyp

2 V5MF /cv

and couples to the SM fermions as

L52 igYtanvYRZ8m f̄ Rgm f R1 igYcotvYLZ8m f̄ Lgm f L

5 i
e

cucvsv
~YL2sv

2 Y!Z8m f̄ gm f ~62!

where we have used the familiar SM resultgY5e/cu .
If we assume that at low energies the massive gauge

son may be approximated by a NJL model with coupli
4pk/2!MF

2 , then the critical coupling for chiral symmetr
breaking in that approximation is

kcrit5
2Np

~N221!
50.53. ~63!

Note that combined with the lower bound from the ability
reproduce the QCD coupling@kF>3as(2 TeV).0.3# there
is a relatively small window of allowed couplings.

The chiral SU~12! flavoron gives rise to more complicate
expressions for the shifts to theZ couplings because it mixe
quarks and leptons. The shifts generated by flavoron
change across the vertices, given by Eq.~1!, are

DguL
5guL

kMZ
2

6pMF
2 F S 5

2
1

cf
4 ~Nc

221!

6Nc
1

cv
4 YuL

2

8
D lnS MF

2

MZ
2 D

1
Nc

2
lnS MF

2

mt
2 D G1gnL

kMZ
2

6pMF
2 F3

2
lnS MF

2

MZ
2 D G ~64!

DguR
5guR

kMZ
2

6pMF
2 Fsf

4 ~Nc
221!

6Nc
1

sv
4 YuR

2

8
G lnS MF

2

MZ
2 D

~65!

DgdL
5gdL

kMZ
2

6pMF
2 F41

cf
4 ~Nc

221!

6Nc
1

cv
4 YdL

2

8
G lnS MF

2

MZ
2 D

1geL

kMZ
2

6pMF
2 F3

2
ln~MF

2/MZ
2!G ~66!
9-9



n

g
a
t
S

fe

ng
-

nd
.

s to
as
de-
m-
ce
s is
ng

son
st-
fact
ve
son
ni-
d

uld
is

p-
el is
ht
to

the

the

GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 61 035009
DgdR
5gdR

kMZ
2

6pMF
2 Fsf

4 ~Nc
221!

6Nc
1

sv
4 YdR

2

8
G lnS MF

2

MZ
2 D

~67!

DgnL
5gnL

kMZ
2

6pMF
2 F4

3
1

cv
4 YnL

2

8
G lnS MF

2

MZ
2 D

1guL

NCkMZ
2

6pMF
2 lnS MF

2

MZ
2 D

1guL

NCkMZ
2

12pMF
2 lnS MF

2

mt
2 D

DgeL
5geL

kMZ
2

6pMF
2 F4

3
1

cv
4 YeL

2

8
G lnS MF

2

MZ
2 D

1gdL

3NCkMZ
2

12pMF
2 lnS MF

2

MZ
2 D

DgeR
5geR

kMZ
2

6pMF
2 Fsv

4 YeR

2

8
G lnS MF

2

MZ
2 D . ~68!

The contribution to theT parameter from the diagram i
Fig. 2 in the model is, from Eq.~5!,

T5
mt

4

32p2suw

2 cuw

2 MZ
2

NcS k

MF
21

4

3

as~cot2f12 tan2f!

MF
2

1
1

9

aY~cot2v12 tan2v!

MF
2 D @ ln~MF

2/mt
2!#2. ~69!

Finally we must also include the effects from the mixin
between the proto-hypercolor group and the diagonal P
Salam generator. We must make some assumption abou
structure of the EW breaking sector; we assume that EW
broken by the equal VEV of a set of fields satisfying(YL
50 as would be the case if condensates of all the SM
mions were responsible for the breaking~as in the model of
@7#!. Writing the standard modelZ mass as

MZ
25

e2

su
2cu

2 ^T3T3& ~70!

where^T3T3& is the expectation value of the EWS breaki
operator coupling to theT3 currents, the mass mixing be
tween theZ and theZ8 gauge bosons is given by

DM25
e2

sucu
2svcv

sv
2 ^T3T3&5

susv

cv
MZ

2 ~71!

where we have used the coupling in Eq.~62!, the assumption
(YL50, and^QT3&50. The resulting shifts inZ couplings
are given by
03500
ti-
the
is

r-

dgf52
e

sucu

MZ
2

MF
2su

2~YL2sv
2 Y! ~72!

and the contribution toT is

T5
su

2sv
2

aEW

MZ
2

MF
2 . ~73!

The result of the fit to the EW data is displayed in Fig. 8 a
the 95% confidence level limit at critical coupling is 2 TeV

V. ROBUSTNESS OF BOUNDS

In this section we address the robustness of the bound
a number of factors. We will discuss how the fit changes
the Higgs boson mass varies and how strongly the fits
pend on the bottom quark asymmetries and left right asy
metry measurement from SLD. Finally the possible influen
on the bounds from the presence of additional new physic
investigated using the example of the SM fermions mixi
with heavy EW singlet fermions.

A. Variation in the Higgs boson mass

The fits so far performed have assumed a Higgs bo
with a mass of 100 GeV. It is interesting to study the robu
ness of the limits to changes in the Higgs boson mass. In
in many of the dynamical models of EWS breaking we ha
used to motivate the existence of flavorons, the Higgs bo
is expected to be somewhat heavier; typically in flavor u
versal seesaw models@7# the Higgs boson mass is expecte
to be of the order of 400 GeV. In the SM such a mass wo
be excluded but with the additional flavoron physics it
potentially allowed. It is worth noting that the 230 GeV u
per bound on the Higgs boson mass in the standard mod
largely the result of the SLD measurement of the left-rig
asymmetry. Removing that piece of data raises the limit
the order of 400 GeV. The influence of the SLD data on

FIG. 8. The 95% and 67% exclusion curves in thek/kc-MF

plane for the gauged chiral SU~12! flavor symmetry model with a
100 GeV Higgs boson mass. The shaded region is excluded by
requirement that the measured value ofas be obtained.
9-10
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BOUNDS ON FLAVOR GAUGE BOSONS FROM . . . PHYSICAL REVIEW D61 035009
flavoron bounds, however, is small. This can be seen in
9 where the limit on the universal coloron model is shown
the pull of the data from the fit was zero.

As a first example of the Higgs boson mass depende
we show in Fig. 10 the 95% confidence level bounds on
chiral quark familon model with varying Higgs boson mas
The bound on the flavoron mass scale at critical couplin
relatively insensitive to such changes. The model has l
effect on the Higgs boson mass upper bound, which in ou
is 230 GeV. The Higgs boson mass dependence of the S~9!
and SU~12! chiral flavor symmetry models follows this sam
pattern as the familon model.

The universal~and chiral top! coloron models have large
contributions to theT parameter which lead to these mode
preferring a heavy Higgs boson~which gives negative con
tributions toT). The dependence on the Higgs boson mas
shown in Fig. 11 for the universal coloron model. If th
Higgs boson is light, then the limits on the colorons rise. F
Higgs boson masses above 200 GeV the limits are relati

FIG. 9. The 95% exclusion curves in thek/kc-MF plane for the
universal coloron model with a 100 GeV Higgs boson mass
varying ALR pull.

FIG. 10. The 95% exclusion curves in thek/kc-MF plane for
the chiral quark family symmetry model with varying Higgs bos
mass.
03500
g.
f

e,
e
.
is
le
fit

’

is

r
ly

insensitive. Note that it is possible in these models for
Higgs boson mass to lie above the SM 95% exclusion li
— indeed, the upper Higgs bound can be increased to
GeV ~or well over 1 TeV if the SLD data point is remove
from the fit!. Larger Higgs boson masses areonly allowed in
the presence of extra gauge bosons and there is also alower
boundon the coupling of the flavoron at these high Hig
boson mass values. As an example in Fig. 12 we show
95% exclusion curve for a 400 GeV Higgs boson.

B. Role of Ab and Afb
0,b

A cursory overview of the data in Eq.~10! reveals that the
quantitiesAb and Af b

0,b are those furthest from the SM pre
dictions. What role are these discrepancies playing in the
Although the experimental deviation is in the opposite dire
tion to the shifts in these quantities induced by the ver

d
FIG. 11. The 95% exclusion curves from fits toZ-pole data in

the k/kc-MF plane for the universal coloron model with varyin
Higgs boson mass.

FIG. 12. The 95% exclusion curves in thek/kc-MF plane for
the universal coloron model with a 400 GeV Higgs boson ma
Note the appearance of alower bound on the coloron mass: a 40
GeV Higgs boson is only allowed in the presence of interactio
beyond the standard model.
9-11
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 61 035009
corrections in Eq.~1!, their role in constraining the models
not too great. As an indication of the importance of these
lying measurements we show in Fig. 13 what the bou
would have been in the universal coloron model if the pu
in the SM fit had been zero. Relaxing these measurem
weakens the bound although by only a few hundred G
The other flavoron models behave very similarly in this
spect to the universal coloron model.

C. Flavorons and fermion mixing

As an example of the role that extra new physics can p
in changing the bounds on flavorons, in this section we
clude the possibility of SM fermions mixing with massiv
electroweak singlet states. Fermion mixing is an integral p
of the top @6# and flavor universal@7# seesaw models. In
these models EW symmetry is broken by a condensate
tween the left handed SM fermions and massive, sin
Dirac fermions with quantum numbers of the right hand
SM fermions. Although these models have a decoupl
limit, in which the mass of the EW singlet fermions may
taken arbitrarily high, for the dynamics that breaks EW sy
metry to involve the singlets we require that they be n
more massive than the flavor gauge bosons.

To include these effects we assume that all the SM fer
ons mix with singlets~one pair for each type of massiv

FIG. 13. The 95% exclusion curves in thek/kc-MF8 plane for
the universal coloron model with a 100 GeV Higgs boson mass
varying Ab andAf b

b experimental pull.

FIG. 14. The diagram correcting fermion~f! Z vertices when the
SM fermions mix with massive singlets,x.
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standard model fermion! with massesMF . We assume tha
the mass mixing term is the same for all the SM fermio
and display the results of a fit to the EW data for ma
mixings,Mmix , between 50 GeV and 150 GeV. We treat t
mixing in perturbation theory through the graph in Fig. 14
the shifts to the SM fermionZ vertices are

dgf.2
e

sucu
Qfsuw

2 S Mmix

MF
D 2

, ~74!

sinceMF@Mmix .
In Fig. 15 we display the results of the fit to the precisi

data3 for the chiral, quark familon symmetry model. Th
fermion mixing gives rise to a sharp cut off inMF where the
shifts in the vertices from the mixing alone saturate the
perimental bounds. Above that scale the constraints on
flavorons are in fact reduced slightly because the mixing v
tex corrections~74! have the opposite sign to those of th
flavoron corrections~1!. As the mixing mass rises to 20
GeV the bound from the mixing dominates. The behavior
the familon model is indicative of the effect in the oth
models where the effect is also small up to the scale of m
ing where that new physics dominates the bound.

VI. CONCLUSIONS

Gauged flavor symmetries at low energies have been
posed in models of dynamical electroweak symmetry bre
ing and fermion mass generation. These massive fla
gauge bosons give rise to corrections to precisely meas
electroweak quantities. We have performed fits to theZ-pole
electroweak data and placed indirect limits on such n

3Top-quark mixing with a singlet fermion also affects the on
loop contribution~s! to Dr/T @6#. This effect can be made relativel
small, depending on the details of the model. We include here o
the added, and potentially much larger, effect of fermion mixing

d
FIG. 15. The 95% exclusion curve in thek/kc-MF plane for the

gauged chiral, quark, family symmetry model with universal S
fermion mixing. The four curves correspond to the indicated val
of the mixing massmmix Eq. ~74!. We takemh5100 GeV.
9-12
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physics. In particular we studied several models from
literature: the universal coloron, chiral top color, chiral qua
family symmetry, SU~9! and SU~12! chiral flavor symmetry.
The 95% confidence limits on the mass of the heavy ga
bosons for these models, at their critical coupling for chi
symmetry breaking, typically lie between 1 and 3 Te
These limits are more or less insensitive to changes in
Higgs boson mass and theb quark asymmetry data. We hav
also discussed the inclusion of universal fermion mixi
with heavy EW singlets — this effect dominates the flavor
bounds when the mixing mass rises above 150 GeV.
precision limits are sufficiently low that direct searches at
Tevatron would be expected to be competitive or strong
Of the models we have studied only the universal coloro
b

B

.

ll,

op

03500
e

e
l
.
e

e
e
r.
s

direct search limits have been computed to this point@24#
and as we have seen the direct search limits are superior
will explore the direct search limits in a later paper.
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