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Flavor gauge bosons at the Fermilab Tevatron
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We investigate collider signals for gauged flavor symmetries that have been proposed in models of dynami-
cal electroweak symmetry breaking and fermion mass generation. We consider the limits on the masses of the
gauge bosons in these models which can be extracted from Fermilab Tevatron run I data in dijet production.
Estimates of the run II search potential are provided. We show that the models also give rise to significant
signals in single top quark production which may be visible at run II. In particular we study chiral quark family
symmetry and SU~9! chiral flavor symmetry. The run I limits on the gauge bosons in these models lie between
1.5 and 2 TeV and should increase to about 3 TeV in run II. Finally, we show that an SU~12! enlargement of
the SU~9! model, including leptonic interactions, is constrained by low energy atomic parity violation experi-
ments to lie outside the reach of the Tevatron.

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

The origin of the standard model’s~SM! familiar
SU(3)c3SU(2)L3U(1)Y gauge symmetry remains theore
cally unclear. In the limit where we neglect all gauge inte
actions and fermion masses, the fermion sector of the m
possesses a large SU~45! global symmetry corresponding t
the fact that in this limit there are 45 chiral fermion field
that are indistinguishable. The gauge interactions of the
are by necessity subgroups of this maximal symmetry bu
principle a larger subgroup of this symmetry might
gauged and broken to the SM groups at high energies.

Such 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 condensation models@3#, feeding the elec-
troweak 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 conde
sation has been postulated to result from a top-color ga
group @4# and in the model of@5# from family gauge inter-
actions. There has been renewed interest in these mo
recently with the realization that variants, in which the t
quark mixes with singlet quarks, can give rise to both
EW scale and an acceptable top quark mass via a se
mass spectrum@6,7#. These top seesaw models have t
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 of the top-seesaw i
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have been proposed in Ref.@8#, where the dynamics is driven
by family or large flavor gauge symmetries.

The naive gauging of flavor symmetries at low scales~of
order a few TeV! often gives rise to unacceptably large fl
vor changing neutral current~FCNC! since gauge and mas
eigenstates need not coincide. For instance, gauge sym
tries that give rise to direct contributions toK0-K̄0 mixing
are typically constrained to lie above 500 TeV in mass sc
There are, however, models that survive these constra
Gauge groups that only act on the third family are less
perimentally constrained—the top-color model@4# is such an
example. Models in which the chiral flavor symmetries
the SM fermions are gauged preserving the SM U(3)5 @9#
flavor symmetry can respect the SM Glashow-Iliopoulo
Maiani ~GIM! mechanism and do not give rise to tree lev
FCNC @10#. In addition, there are also strong constraints
gauged flavor models where the dynamics responsible for
breaking of the flavor symmetry does not respect custo
isospin@11#. We shall restrict ourselves to models where t
top quark mass is the sole source of custodial isospin bre
ing. In particular we will study a model where the SU~3!
chiral family symmetry of the quarks is gauged and anot
where the full SU~9! family-color multiplicity of the quarks
is gauged, corresponding to the models of@8#. In the spirit of
these models it is also interesting to consider chiral fla
symmetries that include the leptons which might be expec
to give interesting contributions to Drell-Yan productio
The obvious extension has a gauged SU~12! flavor symmetry
but we show in the final section that an analysis of lo
energy atomic parity violation experiments places constra
on the gauge bosons of such models of the order of 10 T
and they are thus outside the reach of the Tevatron.

Since these new flavor interactions may exist at relativ
low scales~a few TeV! and may play an integral part in
either EWS breaking or fermion mass generation it is int
esting to study current experimental bounds on the co
sponding gauge bosons. In a previous paper we investig
the limits from Z-pole precision measurements@12#. Al-
©2000 The American Physical Society07-1
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 62 075007
though the limits obtained vary across models, the typ
lower bound on the mass scale is 2 TeV. Here we study
potential of direct searches at the Fermilab Tevatron collid
In particular we study effects in dijet production~in the spirit
of the analysis in@15,16#! and single top quark production
When possible, we first establish bounds from the exist
run I data~they are typically 1–2 TeV!. We then project the
sensitivity of the Tevatron in run II and show the bounds
more than competitive with the precision data bounds
these gauge symmetries do have a role to play in E
breaking, then they must presumably be broken at sc
close to the EW scale and these bounds therefore repres
significant probe of the interesting parameter space.

II. CONSTRAINTS ON MODELS

We present three models of flavoron physics. While t
list is not exhaustive, we believe these examples cove
broad range of signals at the Fermilab Tevatron collider
what follows, only the couplings to standard model fermio
will be specified. Explicit models include additional ferm
ons, necessary for either flavor gauge symmetry break
and/or anomaly cancellation, which typically have masse
order of the flavor gauge symmetry breaking scale.

A. Chiral quark family symmetry

The gauging of the chiral family symmetry of the le
handed quarks has been motivated in technicolor@10#, top
condensate@5# and flavor universal seesaw models@8#. The
minimal representative model has a gauged SU~3! family
symmetry, in addition to the SM interactions, actin
on the three left handed quark1 doublets Q
5„(t,b)L

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

i
… where i is a QCD index which

commutes with the family symmetry@8#. We assume tha
some massive sector completely breaks the SU~3! family
gauge group to an global SU~3! family symmetry, giving the
family gauge bosons~‘‘familons’’ ! masses of orderMF
5gFV whereV is the mass scale associated with the sy
metry breaking. There is no mixing between the flavor a
standard model gauge bosons. Note that with this ga
symmetry and symmetry breaking pattern, the~approximate!
SM U(3)5 global symmetry responsible for the GIM mech
nism @9# remains and the model is free of tree level FCN
@10#. The interactions of the massive flavorons are summ
rized by the couplings

L5 igFAmaQ̄gmTaQ, ~1!

whereTa are the generators of SU~3! symmetry acting on the
three families of left-handed quarks.

The SU~3! couplinggF cannot be too large or this inter
action will cause a chiral symmetry breaking condensate
tween the left-handed ordinary fermions and right-hand

1One can also imagine the same symmetry acting on leptons@8#.
Here we only consider the quarks since they lead to signal
hadron colliders.
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fermions which must be present in the theory to elimin
gauge anomalies. This would result in TeV-scale ferm
masses and a scale for electroweak symmetry brea
which is too high. We may estimate the upper bound ongF
by approximating, at low energies, the interactions of
massive flavor gauge bosons by a Nambu–Jona-Las
~NJL! model with the four-fermion interaction

Leff52
2pkF

MF
2 S (

f
Q̄gmTaQD 2

, ~2!

wherek[gF
2/4p. Applying the usual NJL analysis,2 we see

that kF cannot exceed

kcrit5
2Np

~N221!
52.36, ~3!

whereN53 for chiral quark flavor symmetry.
In Ref. @12# we obtained bounds on flavor gauge bos

masses from electroweak precision measurements. The lo
bound obtained for a critically coupled familon isMF
.1.9 TeV, at 95% C.L. Here we will investigate the rea
of direct searches. First, we consider the bounds from
existing Tevatron data. As is the case for the universal c
oron model@13#, stringent limits will come from the study o
the angular behavior of the dijet cross section@16#. The con-
tributions arising in the chiral quark family model are th
consequence of the exchange of the familon gauge boso
the various possible channels. The resulting modification
the quark scattering matrix elements are given in subsec
2 of the Appendix.

In Fig. 1 we plot the ratio of the dijet mass distribution fo
uhu,0.5 to the mass distribution with 0.5,uhu,1.0, withh
the jet pseudo-rapidity. This ratio, as noted for instance
Refs. @16,17#, is very sensitive to new physics producin
effects concentrated in the central region and in general
fecting the angular distribution of dijets. Also it is expecte
that in this ratio there is a large cancellation of uncertaint
coming from softer QCD effects. The uncertainty due to t
choice of parton distribution functions is less than@17# 3%,
and that coming from the choice of renormalization and f
torization scale is about 6%.

The data points are from the D0 data in Ref.@17#, and the
error bars show the statistical and systematic errors adde
quadrature. The histogram corresponds to the QCD pre
tion, obtained to next-to-leading order~NLO! with the use of
JETRAD ~see@16,17# for details!. The familon contribution is
known only at leading order~LO!. Thus, in order to estimate
their NLO dijet spectrum, we compute the fractional exce
with respect to LO QCD and then multiply it by the NLO
QCD result. We consider various familon masses, with
coupling set at its critical value.

at

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

cutoff L, a four fermion interactionGc̄cc̄c has a critical coupling
Gc52p2/L2 @14#.
7-2
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FLAVOR GAUGE BOSONS AT THE FERMILAB TEVATRON PHYSICAL REVIEW D62 075007
In order to obtain a lower mass limit we follow the pro
cedure described in Ref.@16#. We construct the Gaussia
likelihood function

P~x!5
1

2p2det~S!
expS 2

1

2
@d2t~x!#TS21@d2t~x!# D ,

~4!

where the vectord contains the data points in the variou
mass bins,t(x) is the vector of theoretical predictions for
given mass and couplingx5kF /MF

2 , andS is the covariant
matrix. To obtain 95% confidence level limits, we require

Q~xmax![E
0

xmax
P~x!dx50.95Q~`!, ~5!

with xmax the value defining the mass bound. Making use
the run I data we then obtain mass bounds for the familo

MF.1.55 TeV, 95% C.L., ~6!

where we have considered a critically coupled familon. T
is consistent with, but somewhat weaker than the 95% C
limit obtained in Ref.@12#, MF.1.9 TeV at critical cou-
pling.

During run II, however, measurements of the dijet sp
trum at an upgraded Tevatron will yield bounds better th
those derived fromZ-pole observables. For instance, if w
consider the nominal luminosity of 2 fb21 and assume a
30% reduction in the systematic errors, the bound on
familon mass for run II would beMF.2.2 TeV. An ex-
tended Tevatron run or the achievement of higher intens
could therefore result in a mass reach well above tha
electroweak precision measurements and cover a large
tion of the interesting parameter space of this model.

FIG. 1. The ratio of cross sections for (uhu,0)/(0.5,uhu1.0)
vs the dijet invariant mass, for the SU~3! chiral quark family model,
for MF51.2 ~solid lines!, 1.5 ~dashed line! and 2 TeV~dot-dashed
line!. The data points are from the D0 measurement@17#, with the
error bars including the statistical and systematic errors adde
quadrature. The histogram is the NLO QCD prediction fro
JETRAD, using the CTEQ3M parton distribution function.
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In addition to the dijet signal, the chiral quark famil
model leads to another potentially interesting signal at h
ron colliders: anomalous single top quark production. T
occurs due to the existence of non-diagonal couplings to
family gauge bosons. Although these do not lead touDSu
52 signals, because of GIM cancellation, there are fla
changing couplings of quarks. The fact that the family sy
metry commutes with SU(2)L implies that there will be tree
level familon exchanges such asdb̄→u t̄, where ‘‘family
number’’ is preserved. The diagrams relevant for single
quark production at the Tevatron ares-channeldb̄→u t̄, and
t-channelud̄→tb̄ ~dominant! and ub̄→td̄. Other diagrams
also are obtained by the replacementsd→s and u→c. For
instance, thes-channel matrix element squared is

uM~db̄→u t̄ !u25~4p!2k2u~u2mt
2!U12 PsU2

. ~7!

Neglectingmb , the t-channel contributions are obtained b
replacingPs by the Pt , where Ps and Pt are the familon
propagators in the corresponding channel as defined in
~A5!. If the coupling is close to critical, these processes w
generate important contributions to the single top quark p
duction cross section. In Fig. 2 we show the familon induc
single top quark production cross section atAs51.8 TeV as
a function of the familon mass. The horizontal line is t
95% C.L. upper limit on single top quark production as o
tained by the Collider Detector at Fermilab~CDF! Collabo-
ration @18#. The most constraining bounds(pp̄→tX)
,15.4 pb translates into the familon mass bound

MF.1.02 TeV, 95% C.L. ~8!

This is somewhat weaker than the bound~6! obtained from
the run I dijet data, but may be improved if a study explo
ing the kinematic differences between the SM and the
voron signals is undertaken.

In run II, the Tevatron will be sensitive to SM single to
quark production viaW-gluon fusion as well as thes-channel
W* exchange. The latter process can be separated from

in

FIG. 2. Single top quark production cross section in the SU~3!
family model vs the familon mass, atAs51.8 TeV. The dashed
horizontal line corresponds to the 95% C.L. bound from Ref.@18#.
7-3
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 62 075007
former by making use of doubleb tagging, since theb quark
produced in association with the top quark is hard, unlike
W-gluon fusion. In order to estimate the sensitivity of t
Tevatron in run II to the flavoron contribution to single to
quark production, we take only the dominant flavoron d
gram, t-channel mediatedud̄→tb̄. We compare this contri-
bution to thes-channel SM, assuming these will be sep
rately observed with the use of doubleb tagging@19#. In Fig.
3 we show thepT distribution of theb quark produced in
association with the top quark fort-channel familon ex-
change ands-channelW* exchange. We see that, for e
ample, forMF52 TeV the total (tb̄1 t̄ b) cross section is
about 50% larger from familon exchange than in the S
with the added feature that thepT distribution is harder. We
conclude that the sensitivity of run II could go as far
~2–2.5! TeV for 2 fb21, or perhaps higher depending on th
sensitivity to be achieved to the SMs-channel process. Thus
anomalous single top quark production could be the m
constraining channel on the SU~3! chiral quark model in run
II at the Tevatron.

B. SU„9… chiral flavor symmetry

We next consider a natural extension of gauging the qu
family symmetry, gauging the full SU~9! symmetry of both
the color and family multiplicity of the left handed quark
Such a symmetry can be implemented as an extended
nicolor gauge symmetry~in the spirit of @20#! or in quark
universal seesaw models~as in @8#!. The SU~9! symmetry
commutes with the standard weak SU(2)L 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 ~9!

with r ,g,b the three QCD colors. The quark couplings to t
SU~9! gauge bosons is given by

L5 igFBamQ̄LLagmQL , ~10!

FIG. 3. The transverse momentum distribution in single
quark production in the SU~3! family model, forAs52 TeV. Only
the t-channel contribution, leading to thetb final state, is included.
The solid line is the SMW* s-channel process. The dashed lin
corresponds toMF51.5 TeV, the dot-dashed line toMF52 TeV
and the dotted line toMF52.5 TeV.
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with La the generators of SU~9!. These 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 , ~11!

where Ta 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 ~12!

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 . ~13!

The model must also contain interactions which give rise
color for the right handed quarks. For this reason, we inclu
an SU(3)pc proto-color group that acts on the right hand
quarks, which will be combined with the SU(3)C subgroup
of SU(9)L to yield ordinary color. We normalize the proto
color gauge bosons couplings such that they have the s
generators as the SU~9! bosons:

L5
i

A3
gpcA

maq̄RgmTaqR . ~14!

At the flavor breaking scale we assume some massive se
breaks the SU(9)L3SU(3)pc gauge symmetry down to or
dinary color SU(3)C and a global SU(3)F group acting on
the three families of quarks. The global SU(3)F symmetry is
sufficient to insure the absence of tree-level FCNC@20#.

For simplicity, we will assume the symmetry breakin
sector has an SU(9)L3SU(9)f lavor/color chiral flavor sym-
metry, under which the symmetry breaking vacuum expec
tion value~VEV! transforms as a (9,9)̄. The majority of the
SU~9! gauge bosons will then have massMF5gFV. Eight of
the SU(9)L gauge bosons mix with the right handed prot
color group, giving rise to ordinary color and eight massi
gluons. The proto-gluons and color-octet flavorons m
through the mass matrix
7-4
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FLAVOR GAUGE BOSONS AT THE FERMILAB TEVATRON PHYSICAL REVIEW D62 075007
~Am,Bm!S gpc
2 2gpcgF

2gpcgF gF
2 D V2S Am

Bm
D ~15!

which diagonalizes to

~Xm,Gm!S gpc
2 1gF

2 0

0 0
DV2S Xm

Gm
D ~16!

where

S Am

BmD 5S cosf 2sinf

sinf cosf D S Gm

Xm
D ~17!

with

sinf5
gpc

Agpc
2 1gF

2
, cosf5

gF

Agpc
2 1gF

2
, ~18!

and Gm and Xm are the gluon and color-octet flavoron r
spectively.

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

gc5
gFgpc

A3~gpc
2 1gF

2 !
~19!

which implies thatkF>3as(2 TeV). The interactions of the
SM fermions with the massive color octet~with massMF8
5Agpc

2 1gF
2V5MF /cf) are given by

2gctanfXamq̄RgmTaqR1gccotfXamq̄LgmTaqL ,
~20!

where cotf5gF /gpc.
As in the case of SU(3)F , the couplinggF cannot be too

large, or it would likely induce an EWS breaking condens
at the flavor scale. Assuming that at low energies the mas
gauge boson interactions with the SM fermions can be
proximated by a NJL model~ignoring the effects of the mix-
ing of eight of the generators with proto-color in this es
mate!, then the critical coupling for chiral symmetr
breaking in that approximation is

kcrit5
2Np

~N221!
50.71. ~21!

As was the case in the previous two models, the m
conspicuous signals are in the dijet spectrum. In subsecti
of the Appendix we list all the relevant matrix elements f
dijet production due to the two gauge bosons with mas
MF and MF8 . In Fig. 4 we plot the contributions of thes
gauge bosons to the cross section ratio as a function of
mass, assuming for simplicityMF5MF8 . Although, in prin-
ciple, one could expect the effect to be smaller than for
SU~3! chiral familon due to the fact that the critical couplin
in Eq. ~21! is considerably smaller than that of the SU~3!
case, the SU~9! flavorons contribute to a large number
diagrams, leading to dijets. In fact, as can be seen in Fig
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the effects will be stronger in this model. We follow th
procedure described earlier to obtain a mass constraint f
the Tevatron run I data. The mass of the SU~9! flavorons is
bounded by

MF.1.9 TeV, 95% C.L. ~22!

This is very similar to the 95% C.L. limit obtained in Re
@12# from electroweak precision measurements. On the o
hand, atAs52 TeV and with an integrated luminosity o
2 fb21, run II at the Tevatron will put a limit ofMF
.2.7 TeV, where we assume a 30% reduction in system
errors. This covers a large fraction of the interesting para
eter space of this model.

Just as in the chiral quark family model, in the SU~9!
model there are also important contributions to anomal
single top quark production. The fact that some of the SU~9!
gauge bosons carry color tends to enhance the interac
when compared to the SU~3! chiral quark model. On the
other hand, the critical coupling in this model is considera
smaller than that in the SU~3! case, as can be seen by com
paring Eqs.~21! with ~3!. The net effect is a reduction in th
single top quark signal shown in Fig. 3 by a factor of

S kF
SU(9)

kF
SU(3)D 2S 14

9 D.0.15 ~23!

at critical coupling. Since the cross section falls appro
mately as 1/MF

4 , this will result in a familon mass bound tha
is smaller than the one to be obtained in the SU~3! model by
a factor of aboutA4 0.15.0.60. Thus, since our expectation
for run II in the single top quark channel in the SU~3! model
put the reach somewhere aroundMF.(2 –2.5) TeV, we
conclude that the reach of this channel for the SU~9! flavoron
is still below the run I mass limit, Eq.~22!, that we extracted
from the dijet data. Although more detailed studies of t

FIG. 4. The ratio of cross sections for (uhu,0.5)/(0.5
,uhu1.0) vs the dijet invariant mass, for the SU~9! chiral flavor
model, for MF51.2 ~solid lines!, 1.5 ~dashed lines! and 2 TeV
~dot-dashed line!. The data points are from the D0 measureme
@17#, with the error bars including the statistical and systema
errors added in quadrature. The histogram is the NLO QCD pre
tion from JETRAD, using the CTEQ3M parton distribution function
7-5
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GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 62 075007
single top quark signal~for instance including all possible
single top quark final states! are possible, we can safely con
clude that this channel will not be competitive with the di
signal in the SU~9! model at the Tevatron.

C. 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 fe
mion doublets@20,8#:

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

~24!

This is similar to the SU~9! model, but it also includes a
proto-hypercharge interaction that, after the SU~12! break-
ing, gives rise to the SM U(1)Y . The flavor gauge interac
tions act as

L5 igFBamQ̄LLagmQL , ~25!

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 ,

1

A2 S Pa 0 0

0 2Pa 0

0 0 0
D ~26!

wherePa are the 15 434 Pati-Salam generators consistin
of 8 333 blocks that are QCD, 6 step operators between
quarks and leptons and the diagonal genera
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 ~27!

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 . ~28!

In order to ensure the SM gauge groups emerge at low
ergies we must again introduce a proto-color group as in
SU~9! model above. The first 8 generators of SU~12! in Eq.
~26! are the same as those in the SU~9! model~11! and hence
the discussion of the mixing between the proto-color and
07500
e

e
r

.

n-
e

e

8 SU~12! gauge bosons follows the discussion in the SU~9!
model exactly. In addition, in the SU~12! model we must
also include a proto-hypercolor gauge boson. Since the P
Salam diagonal generator in the first set of generators in
~26! is the traditional generator for the hypercharge boso
coupling to left handed fermions, the proto-hyperchar
gauge boson only has to couple to the right handed fermio
The result of the mixing of these two gauge bosons is
massless SM hypercharge gauge boson plus a massive g
boson coupling to both left and right handed fermions.

If the interactions of flavoron gauge bosons in Eq.~25! at
low energies can be modeled by a NJL Lagrangian with c
pling 4pk/2!MF

2 , the critical coupling for chiral symmetry
breaking is calculated to be

kcrit5
2Np

~N221!
50.53, ~29!

somewhat smaller than in the SU~9! case in Eq.~21!. Note
that combined with the lower constraint from the ability
reproduce the QCD coupling@kF>3as(2 TeV).0.3# there
is a relatively small window of allowed couplings.

Although this model results in various signals at the Te
tron — such as quark scatterings similar to those of
SU~9! model as well as anomalous contributions to Dre
Yan production arising from the flavoron couplings to le
tons — the energy scale of this scenario is severely c
strained by data from experiments of atomic parity violati
~APV! in cesium. The parity-violating part of the electron
nucleon interaction can be written as

Leq5
GF

A2
(

q5u,d
$C1q~ ēgmg5e!~ q̄gmq!1C2q~ ēgme!

3~ q̄gmg5q!%, ~30!

where the coefficientsC1q andC2q are given in the SM by

C1q
SM52~T3

q22Qqsin2u!, C2q
SM52T3

q~124 sin2u!,
~31!

and T3
q is the third component of the quark isospin. Th

atomic weak charge is then defined as

QW522$C1u~2Z1N!1C1d~N12Z!%, ~32!

with Z and N the number of protons and neutrons resp
tively. The APV experiment finds the atomic charge of c
sium to be@21# QW5272.0660.2860.34, whereas the SM
prediction@22# is QW5273.0960.03. This translates into a
deviation from the SM prediction of

DQW51.3360.44. ~33!

We can write the deviations ofQW as

DQW52376DC1u2422DC1d . ~34!

The SU~12! model gives rise to various contributions
DQW . However, by far the largest of these corresponds t
7-6
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step operator from the generators in Eq.~26! which connect
quarks to leptons. These result in the non-diagonal effec
coupling

2
gF

2

8 MF
2 ~ ēLgmdL!~ d̄LgmeL!. ~35!

After Fierzing and decomposing into the proper vector a
axial vector pieces, the contribution in Eq.~35! gives rise to
an effect in the weak charge of cesium given by

DQW
F 5280.4kF

~1 TeV!2

MF
2

5242.6
~1 TeV!2

MF
2

, ~36!

whereMF is understood to be measured in TeV, and the
equality is obtained by usingkF5kcrit as defined in Eq.~29!.
Thus not only is this alarge contribution toQW(Cs), but it
also has the opposite sign of Eq.~33!. For instance, the 3s
bound would beMF.12 TeV. More conservatively, we ca
estimate the sensitivity of the APV measurement by tak
the error in Eq.~33! as the possible size of the effect. Th
translates intoMF.9.8 TeV. From the model building poin
of view this is an undesirably large mass scale and raises
issue of fine-tuning. In any event, it is clear that the AP
experiment forces the mass scale in the SU~12! model to be
very high and out of reach of the Tevatron.

Finally, we point out that the constraint on the SU~12!
model resulting from Eq.~36! is more general since it canno
be completely evaded by lowering the coupling below
critical value. As we mentioned earlier, in order to obtain t
correct QCD coupling,kF must satisfykF>3as(2 TeV).
Then, its minimum value of approximately 0.3 translates i
the boundMF.7.4 TeV.

III. CONCLUSIONS

We have studied the Tevatron collider bounds on t
models of broken, gauged, chiral flavor symmetries:
SU~3! chiral family symmetry and an SU~9! chiral flavor
symmetry of the SM quarks. These symmetries have b
proposed as playing a significant role in theories of EW
breaking and fermion mass generation and are blessed w
GIM mechanism that suppresses FCNC, allowing the ga
bosons to be relatively light. The strongest Tevatron sign
result in dijet production and single top quark productio
We summarize the current limits, from precision data@12#
and run I, on the critically coupled gauge boson masse
Table I—they are comparable. The run II expectations
also displayed and should become the leading constraint
the models.

In the SU~3! model both, dijet and anomalous single to
quark production, are likely to be important signals. On
other hand, in the SU~9! model the dijet cross section re
ceives a large enhancement due to the fact that some o
flavor gauge bosons carry color, resulting in more diagra
contributing ~see subsection 3 of the Appendix!. However,
since the critical coupling is considerably smaller than in
SU~3! case, the single top quark signal—even after tak
into account the color enhancement—is reduced. Thus,
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single top quark channel is crucial in order to separate th
two models as the possible origin of a hypothetical deviat
in the dijet sample.

For comparison we also display in Table I the equivale
limits for the universal coloron model of@15,16#—in this
model the chiral SU(3)L3SU(3)R color group of the quarks
is gauged and broken to the QCD group, leaving axia
coupling massive colorons. This model is considerably m
strongly constrained in part because of its large critical c
pling and because the dijet channel is a particularly go
probe of extra color-like interactions. It is notable that in t
models we have explored the gauge bosons are potent
lighter, as one might hope if they played a role in EW
breaking, and that the Tevatron can hope to probe interes
regions of parameter space.

Finally we have pointed out a further low energy pre
sion constraint on models where the flavor symmetry is
larged to include the lepton sector. In particular an SU~12!
gauged chiral flavor model gives contributions in low ener
atomic parity violation experiments that place the bound
the gauge boson masses out of the Tevatron’s reach.
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APPENDIX: CROSS SECTIONS

We present some standard tree-level expressions for c
sections:

ds

dt
5

1

16p

1

s2 uMu2. ~A1!

To obtain the full cross section we must average over ini
states and sum over final states. Summing over spins
splitting the matrix element into chiral components we ha

TABLE I. The 95% C.L. bounds~or sensitivity! on the models
discussed. The numbers correspond to the mass of the gauge b
in TeV if its coupling is critical. The first column comes from
electroweak precision measurements and is taken from Ref.@12#.
The run I bounds as well as the run II sensitivities~for 2 fb21)
summarize our results. They come from the dijet analysis, with
exception of the run II reach for the SU~3! chiral quark model
which comes from single top quark production.

EPM Run I Run II

Universal coloron 3 4.3 7
SU(3)F 1.9 1.55 2.5~single top quark!
SU(9)F 1.9 1.9 2.7
SU(12)F 10 ~APV! No reach No reach
7-7
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L̄L→L̄L:
1

4 (
spin

uMu25u2U(
i

PiQiU2

~A2!

L̄R→L̄R:
1

4 (
spin

uMu25s2U(
i

PiQiU2

~A3!

L̄L→R̄R:
1

4 (
spin

uMu25t2U(
i

PiQiU2

~A4!

wherePi is the propagator factor associated with each d
gram taking the form

Pi5
2 i

qi
22MF

21 iGFMF
~A5!

and one must sum over all gauge bosons andqi
25s,t chan-

nels. Qi are the group theory factors associated with e
diagram. Application of the above construction kit, avera
ing over initial color states~1/9! and summing final color
states gives the QCD backgrounds and flavor model co
butions to dijet processes.

1. QCD backgrounds

The QCD contributions to the dijet cross section are

ds

dt
~qq→qq!5

4pas
2

9s2 S u21s2

t2 1
t21s2

u2 2
2

3

s2

utD ~A6!

ds

dt
~qq̃→qq̃!5

4pas
2

9s2 S s21u2

t2 D ~A7!

ds

dt
~qq̄→q̃q̄̃!5

4pas
2

9s4 ~ t21u2! ~A8!

ds

dt
~qq̄→qq̄!5

4pas
2

9s2 S s21u2

t2 1
t21u2

s2 2
2

3

u2

stD
~A9!

ds

dt
~qq̄̃→qq̄̃!5

4pas
2

9ss S s21u2

t2 D ~A10!

ds

dt
~gg→qq̄!5

pas
2

6s2 S u

t
1

t

u
2

9

4

t21u2

s2 D ~A11!

ds

dt
~qq̄→gg!5

32pas
2

27s2 S u

t
1

t

u
2

9

4

t21u2

s2 D ~A12!

ds

dt
~qg→qg!5

4pas
2

9s2 S 2
u

s
2

s

u
1

9

4

s21u2

t2 D ~A13!

ds

dt
~gg→gg!5

9pas
2

2s2 S 32
tu

s2 2
su

t2 2
st

u2D . ~A14!

2. Chiral quark family symmetry: Matrix elements into dijets

The squared matrix elements in the model of Sec. II
including the interference with QCD:
07500
-

h
-

ri-

,

DuM~qq→qq!u25~4p!2k2s2U13 Pt2
1

3
PuU2

2
~4p!2kass

2

9
ReS 1

t
Pt1

1

u
Pu2

1

u
Pt

2
1

t
PuD ~A15!

DuM~ud→ud!u25
~4p!2k2s2

9
uPtu2

1
~4p!2kass

2

9
ReS 1

t
PtD ~A16!

DuM~us→us!u25
~4p!2k2s2

36
uPtu2

1
~4p!2kass

2

18
ReS 1

t
PtD ~A17!

DuM~ds→ds!u25~4p!2k2s2U16 Pt1
1

2
PuU2

1
~4p!2kass

2

3
ReS 1

6t
Pt1

1

2t
PuD

~A18!

DuM~qq̄→qq̄!u25~4p!2k2u2U13 Pt2
1

3
PsU2

2
~4p!2kasu

2

9
ReS 1

s
Pt1

1

t
PsD

~A19!

DuM~uū→dd̄!u25~4p!2k2u2U13 PsU2

~A20!

DuM~uū→ss̄!u25~4p!2k2u2U16 PsU2

~A21!

DuM~dd̄→ss̄!u25~4p!2k2u2U16 Ps1
1

2
PtU2

2
~4p!2kasu

2

6
ReS 1

s
PtD ~A22!

DuM~sd̄→sd̄!u25~4p!2k2u2U12 Ps1
1

6
PtU2

2
~4p!2kasu

2

6
ReS 1

t
PsD ~A23!

DuM~ud̄→ud̄!u25~4p!2k2u2U13 PtU2

~A24!

DuM~us̄→us̄!u25~4p!2k2u2U16 PtU2

, ~A25!
7-8
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wherePs , Pt andPu are defined by Eq.~A5! and basically
reflect the gauge boson propagator in the appropr
07500
te
channel. Among the familon contributions we also inclu
the interference with the gluon.
3. SU„9… chiral flavor symmetry: Matrix elements into dijets

The squared matrix elements, including QCD and the SU~9! model contributions, are:

uM~qLqL→qLqL!u25
2~4p!2s2

9 H Uas

t
1

2k

3
Pt

F1ascot2fPt
F8U2

1Uas

u
1

2k

3
Pu

F1ascot2fPu
F8U2

2
2

3
ReF S as

t
1

2k

3
Pt

F1ascot2fPt
F8D S as

u
1

2k

3
Pu

F1ascot2fPu
F8D G J ~A26!

uM~qRqR→qRqR!u25
2~4p!2s2

9 H Uas

t
1astan2fPt

F8U2

1Uas

u
1astan2fPu

F8U2

2
2

3
ReF S as

u
1astan2fPu

F8D S as

t
1astan2fPt

F8D G J ~A27!

uM~qLqR→qLqR!u25
2~4p!2u2

9 Uas

t
2asPt

F8U2

~A28!

uM~qLqR→qRqL!u25
2~4p!2t2

9 Uas

u
2asPu

F8U2

~A29!

uM~uLdL→uLdL!u25
2~4p!2s2

9 Uas

t
1

2k

3
Pt

F1ascot2fPt
F8U2

~A30!

uM~uRdR→uRdR!u25
2~4p!2s2

9 Uas

t
1astan2fPt

F8U2

~A31!

uM~uLdR→uLdR!u25uM~uRdL→uRdL!u25
2~4p!2u2

9 Uas

t
2asPt

F8U2

~A32!

uM~uLsL→uLsL!u25
2~4p!2s2

9 Uas

t
2

k

3
Pt

F1ascot2fPt
F8U2

~A33!

uM~uRsR→uRsR!u25
2~4p!2s2

9 Uas

t
1astan2fPt

F8U2

~A34!

uM~uLsR→uLsR!u25uM~uRsL→uRsL!u25
2~4p!2u2

9 Uas

t
2asPt

F8U2

~A35!

uM~dLsL→dLsL!u25
2~4p!2s2

9 H Uas

t
2

k

3
Pt

F1ascot2fPt
F8U2

1ukPs
Fu2

2
2

3
ReFkPs

FS as

t
2

k

3
Pt

F1ascot2fPt
F8D G J ~A36!

uM~dRsR→dRsR!u25
2~4p!2s2

9 Uas

t
1astan2fPt

F8U2

~A37!

uM~dLsR→dLsR!u25uM~dRsL→dRsL!u25
2~4p!2u2

9 Uas

t
2asPt

F8U2

~A38!
7-9



GUSTAVO BURDMAN, R. SEKHAR CHIVUKULA, AND NICK EVANS PHYSICAL REVIEW D 62 075007
uM~qLq̄L→qLq̄L!u25
2~4p!2u2

9 H Uas

s
1

2k

3
Ps

F1ascot2fPs
F8U2

1Uas

t
1

2k

3
Pt

F1ascot2fPt
F8U2

2
2

3
ReF S as

s
1

2k

3
Ps

F1ascot2fPs
F8D S as

t
1

2k

3
Pt

F1ascot2fPt
F8D G J ~A39!

uM~qRq̄R→qRq̄R!u25
2~4p!2u2

9 H Uas

s
1astan2fPs

F8U2

1Uas

t
1astan2fPt

F8U2

2
2

3
ReF S as

s
1astan2fPs

F8D S as

t
1astan2fPt

F8D G J ~A40!

uM~qLq̄L→qRq̄R!u25uM~qRq̄R→qLq̄L!u25
2~4p!2t2

9 Uas

s
2asPs

F8U2

~A41!

uM~qLq̄R→qLq̄R!u25uM~qRq̄L→qRq̄L!u25
2~4p!2s2

9 Uas

t
2asPt

F8U2

~A42!

uM~uLūL→dLd̄L!u25
2~4p!2u2

9 Uas

s
1

2k

3
Ps

F1ascot2fPs
F8U2

~A43!

uM~uRūR→dRd̄R!u25
2~4p!2u2

9 Uas

s
1ascot2fPs

F8U2

~A44!

uM~uLūL→dRd̄R!u25uM~uRūR→dLd̄L!u25
2~4p!2t2

9 Uas

s
2asPs

F8U2

~A45!

uM~uLūL→sLs̄L!u25
2~4p!2u2

9 Uas

s
2

k

3
Ps

F1ascot2fPs
F8U2

~A46!

uM~uRūR→sRs̄R!u25
2~4p!2u2

9 Uas

s
1astan2fPs

F8U2

~A47!

uM~uLūL→sRs̄R!u25uM~uRūR→sLs̄L!u25
2~4p!2t2

9 Uas

s
2asPs

F8U2

~A48!

uM~dLd̄L→sLs̄L!u25
2~4p!2u2

9 H Uas

s
2

k

3
Ps

F1ascot2fPs
F8U2

1
1

2
ukPt

Fu2

2
1

3
ReF S as

s
2

k

3
Ps

F1ascot2fPs
F8DkPt

FG J ~A49!

uM~dRd̄R→sRs̄R!u25
2~4p!2u2

9 Uas

s
1astan2fPs

F8U2

~A50!

uM~dLd̄L→sRs̄R!u25uM~dRd̄R→sLs̄L!u25
2~4p!2t2

9 Uas

s
2asPs

F8U2

~A51!

uM~sLd̄L→sLd̄L!u25
2~4p!2u2

9 H Uas

t
2

k

3
Pt

F1ascot2fPt
F8U2

1
1

2
ukPs

Fu2

2
1

3
ReFkPs

FS as

t
2

k

3
Pt

F1ascot2fPt
F8D G J ~A52!

uM~sRd̄R→sRd̄R!u25
2~4p!2u2

9 Uas

t
1astan2fPt

F8U2

~A53!
075007-10
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uM~sLd̄R→sLd̄R!u25uM~sRd̄L→sRd̄L!u25
2~4p!2s2

9 Uas

t
2asPt

F8U2

~A54!

uM~uLd̄L→uLd̄L!u25
2~4p!2u2

9 S Uas

t
1

2k

3
Pt

F1ascot2fPt
F8U2D ~A55!

uM~uRd̄R→uRd̄R!u25
2~4p!2u2

9 Uas

t
1astan2fPt

F8U2

~A56!

uM~uLd̄R→uLd̄R!u25uM~urd̄L→uRd̄L!u25
2~4p!2s2

9 Uas

t
2asPt

F8U2

~A57!

uM~uLs̄L→uLs̄L!u25
2~4p!2u2

9 S Uas

t
2

k

3
Pt

F1ascot2fPt
F8U2D ~A58!

uM~uRs̄R→uRs̄R!u25
2~4p!2u2

9 Uas

t
1astan2fPt

F8U2

~A59!

uM~uLs̄R→uLs̄R!u25uM~uRs̄L→uRs̄L!u25
2~4p!2s2

9 Uas

t
2asPt

F8U2

. ~A60!
on
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